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SUMMARY 
 
Anaerobic digestion is used widely around the world to convert unusable waste such as 
livestock manure, municipal and industrial wastewater, municipal solid waste and food waste 
into valuable end products such as biogas. Due to the increasing volume of wastewater 
produced in urban areas, the wastewater treatment plants are often required to intensify their 
digestion process using existing digester capacity. This usually results in the digestion of 
concentrated sludge, which consequently affects the digester mixing performance. Failure to 
maintain adequate mixing and fluid flow inside anaerobic digesters will lead to serious 
consequences such as digester failure, reduced pathogen reduction and biogas production 
rates. It is of interest to the wastewater industry to process more waste whilst maintaining 
good digester performance. There have been many studies on digester hydrodynamics, but 
digester mixing is still carried out based on empirical evidence rather than fluid mechanical 
studies. The main objective of this work is to determine the optimum mixing method/s for 
digesters using a hydrodynamic study, which will ensure high-energy efficiency and highest 
achievable active mixing volume. This is achieved by a systematic experimental study 
involving a model liquid with a range of concentrations to represent different sludge 
concentrations. Two types of experimental technique, namely flow visualisation and electrical 
resistance tomography (ERT), are employed in this work to determine the flow patterns in the 
model digester. Also, computational fluid dynamics (CFD) models are developed and 
validated using flow visualisation experimental data. 
All experiments were conducted in a 0.19 m diameter cylindrical tank. Three mixing systems, 
namely mechanical mixing, liquid recirculation and gas sparging, were used to study the 
effect of mixing mode on model digester mixing performance. Xanthan gum Keltrol-T 
(XGKT) solution was selected as the model liquid because its rheological characteristics are 
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similar to those of digester sludge. Specific power inputs ranging from 3.5 to 10.5 W/m
3
 were 
employed. Dye tracer and brine solution were used as tracers in flow visualisation and 
electrical resistance tomography (ERT) techniques respectively, to reveal the mixing patterns 
inside the model digester. Inactive mixing volume was determined by measuring the volume 
of the coloured and low conductivity regions in flow visualisation and ERT experiments, 
respectively. 
Experimental results show that the total inactive volume in the model digester decreases with 
increasing mixing time and reaches a plateau. Larger inactive volume was found in solutions 
with higher apparent viscosity regardless of the mixing mode used. These results indicate that 
fluid rheology affects the digester mixing performance significantly and therefore needs to be 
considered in digester design and operation. Increasing specific power input beyond a certain 
value was found to have no influence in the reduction of inactive volume in liquid 
recirculation and gas sparging. In case of mechanical mixing, a threshold specific power input 
is required to achieve an acceptable value of the active volume. 
Experiments with liquid recirculation and gas sparging systems were conducted with different 
nozzle orientations to study their effect on inactive volume reduction. Experimental results 
show that downward jet in liquid recirculation system produces the largest inactive volume, 
and upward and angled jets lead to smaller inactive volumes. In the case of the gas sparging 
system, the downward sparger with a low tank bottom clearance leads to the smallest inactive 
volume. These results show clearly the position and orientation of fluid inlet nozzles are very 
important in the design and operation of digesters processing thicker sludge, especially in 
systems with liquid recirculation and gas sparging. 
This study shows that ERT can be used to estimate the shape and size of the active mixing 
region. This technique is also able to produce information on the inactive volume reduction 
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rate and the final dead volume up to a certain level of accuracy depending on the mixing 
system. However, the estimations are not fully accurate due to the experimental constraints 
and the assumptions made in volume estimation. Further investigations and improvements are 
required to improve the accuracy in the measurement of the inactive volume.  Overall, ERT 
has the potential of being used in the study of inactive volume in real sludge. 
CFD models of active and inactive volumes are developed only for mechanical mixing and 
liquid recirculation systems. The models estimate the flow patterns and the inactive volume 
fairly well. However, the CFD model for the mechanical mixing system could not predict the 
presence of a threshold power input. These CFD models will be valuable tools in the scale-up 
of laboratory work to full-scale digesters.  
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1.1  Introduction 
Anaerobic digestion is a key treatment process in wastewater treatment plants. It is a 
degradation process in which organic matter is converted into biogas and biosolids in the 
absence of oxygen. Conversion of sludge into methane rich biogas is a sustainable way of 
producing energy from waste. Furthermore, biosolids produced from anaerobic digestion can 
be used as fertilizers for agricultural purposes.  
Rapidly growing industries and population density in cities have led to a high volume of 
wastewater produced. This has brought a greater concern to the local wastewater treatment 
plants as they have to process more wastewater than before with existing equipment such as 
anaerobic digesters. The immediate solution to this issue will be intensifying the existing 
anaerobic digester operations by increasing the throughput with minor or no changes in 
existing digesters. In fact, it is impractical to build more digesters to accommodate the 
increased volume of wastewater produced as this will incur high capital and long term 
operating costs.  
There are additional issues in increasing the digester throughput. As the digester throughput 
increases, the sludge will get thickened. Consequently, the increased sludge concentration will 
influence various digester operating parameters such as degree of mixing, temperature and pH 
uniformity, solid deposition and short circuiting levels, etc. The degree of mixing is closely 
related to the hydrodynamics inside the digester. Inefficient mixing will lead to poor control 
of the above parameters which will then cause instability to the digestion process. This will 
eventually lead to digester failure.  
In addition to the issues linked to thickened sludge, wastewater industry is also keen to reduce 
the energy consumption, partly to reduce electricity costs and partly to reduce greenhouse gas 
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emissions. Thus, wastewater treatment plants are under pressure to ensure efficient operation 
and minimum energy usage in various equipment including anaerobic digesters. 
Although there have been a few studies reported on digester mixing in the literature, most of 
them used real sludge for experimental work and then developed mathematical or 
computational fluid dynamics (CFD) simulation models. Experimental work using real sludge 
focuses on the global mixing by treating the digester as a ‘black box’ and does not provide 
much information on the local mixing. There is hardly any study in the literature that uses 
transparent model liquids that have got rheological behaviour similar to that of sludge for 
experimental work. Therefore, the present work aims to use a transparent model liquid to 
simulate the flow behaviour of sludge. It aims to investigate the effect of apparent viscosity 
and specific mixing power input on the mixing performance of model liquid. The advantage 
of using a model fluid in the study of digester hydrodynamics is that the flow patterns within 
the vessel can be easily visualised and used for further analysis. 
Three mixing methods are commonly employed in the operation of anaerobic digesters. They 
are internal mechanical mixing, external liquid recirculation and internal gas sparging. To 
compare the performances of these mixing methods and determine an optimum mixing 
system, all three of them will be investigated in this study. 
Degree of mixing is critical for the anaerobic digestion process. Good mixing allows intimate 
contact between bacteria and the feed sludge; ensures uniformity of temperature and pH to 
maintain viable microbiological activity; prevents solid deposition at digester bottom and 
avoids short circuiting inside the digester. However, achieving good mixing is a challenging 
task because it is a function of many parameters including the mode of mixing, sludge 
rheology, mixing power input, nozzle design and size, nozzle clearance from the tank bottom, 
the shape of the tank bottom, etc. Since numerous parameters influence the digester mixing 
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performance, systematic studies need to be conducted to determine the effect of these 
parameters. 
The importance of mixing in achieving an efficient substrate conversion has been reported in 
the literature by many researchers (Casey, 1986, Lee et al., 1995, Smith et al., 1996). 
However, there is no consensus on the mixing intensity required to achieve efficient substrate 
conversion. The contradictory and uncertain information available in the literature suggests 
that there is no clear knowledge on digester mixing. Moreover, many of the past studies were 
carried out with different types of waste material. In such cases, the rheology of the waste 
material will vary depending on the presence of different waste substances. To eliminate the 
variation in rheology in the mixing study, it is essential to determine the rheological properties 
of the waste material before any investigations. It will be easier to study the influence of 
variables such as mixing flow rate, mixing technique and mixing arrangement if the 
rheological characteristics of the material studied are known. Slatter (2008) showed the 
importance of sludge rheology in determining the hydrodynamic behaviour of sludge in 
tertiary treatment processes. So, it is important to study the rheological characteristics of 
sludge prior to any mixing study. 
Apart from experimental studies,  many researchers carried out CFD modelling to predict the 
digester performance in terms of parameters such as mixing time, active volume, biogas 
production and power consumption. However, rheological characteristics of sludge were not 
properly taken into account in many of the CFD models found in the literature. Some of the 
studies treated sludge as a Newtonian fluid (Vesvikar and Al-Dahhan, 2005) and the others 
assumed it to be pseudo-plastic fluid (Karim et al., 2007, Wu and Chen, 2008, Wu, 2009, Wu, 
2010, Wu, 2012). The present work aims to determine the rheological characteristics of 
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digested sludge, which possesses yield pseudo-plastic characteristics, prior to mixing and 
hydrodynamic investigations. 
In recent years, electrical resistance tomography (ERT) has been used for non-Newtonian 
liquid mixing studies by many researchers (Pakzad et al., 2008b, Pakzad et al., 2008a, Patel et 
al., 2013). ERT is an advanced measurement technique which is suitable for studying the 
mixing of opaque fluids. The electrical field generated by multiple sensor planes in the system 
penetrates the process volume radially. Further data processing such as image reconstruction 
provides 3D information on the phase distribution and flow patterns. This study employs the 
ERT technique to validate the experimental results obtained from a flow visualisation 
technique. This step helps to determine the maturity of this technique in this applied research, 
especially when digested sludge is used as the study material. 
It is clear from the discussions above that the knowledge on anaerobic digester mixing is not 
complete yet. More studies are required in this area to determine the optimum mixing 
arrangement. It is desirable to investigate the effect of various operating parameters on 
digester mixing performance by taking sludge rheology into account. This work will provide 
an improved knowledge for designing anaerobic digesters with three commonly used mixing 
methods. The knowledge obtained from this study will be beneficial for improving the energy 
efficiency of a mixing system and determining the best operating conditions for anaerobic 
digesters handling thickened sludge at optimum energy consumption. 
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1.2  Main objectives of the research 
The objectives of the present work are:  
 To select an appropriate model liquid that is transparent and has rheological 
characteristics similar to those of anaerobic digested sludge. 
 To investigate the influence of the following variables on the minimisation of the 
volume of inactive regions. 
 Sludge rheology  
 Specific power input 
 Nozzle arrangement (for liquid recirculation and gas sparging systems only) 
 To determine the best arrangement that will optimise the energy efficiency of the 
system and improve digester mixing performance.  
 To validate electrical resistance tomography (ERT) results with the flow visualisation 
technique.  
 To develop CFD models to simulate digester hydrodynamics during mixing and 
estimate the inactive volume inside digesters. 
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1.3  Organisation of the thesis 
The thesis is organised as follows: 
Chapter 2: Literature review 
This chapter presents the common problems encountered in industry scale anaerobic 
digesters. It reviews the literature on the performance of common mixing methods used in 
anaerobic digesters. It discusses the work done by other researchers on CFD modeling for 
estimating the flow patterns and other parameters in anaerobic digesters. 
Chapter 3: Experimental methods 
This chapter describes the selection of model liquid, experimental setup, experimental 
techniques used in visualising mixing flow patterns and measuring the volume of inactive 
regions formed inside model digesters. 
Chapter 4: Results and discussions - Mixing performance of the mechanical mixing 
system 
This chapter compares the rheological properties of digested sludge and the model liquid. It 
examines the flow visualisation results obtained from the mechanical mixing system as a 
function of fluid rheology and specific power input. Results obtained from electrical 
resistance tomography (ERT) are validated using flow visualisation results. 
Chapter 5: Results and discussions - Mixing performance of the liquid jet recirculation 
system 
This chapter examines the flow visualisation results obtained from the liquid jet recirculation 
system as a function of fluid rheology, specific power input and jet arrangement. Results 
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obtained from electrical resistance tomography (ERT) are validated using flow visualisation 
results. 
Chapter 6: Results and discussions - Mixing performance of a gas sparging system  
This chapter discusses the flow visualisation results obtained for the gas sparging system as a 
function of fluid rheology, specific power input and nozzle arrangement. Results obtained 
from electrical resistance tomography (ERT) are validated using flow visualisation results. 
Chapter 7: Results and discussions - CFD study of model digester 
Experimental data obtained from this work are used to develop the computational fluid 
dynamics simulation models for estimating the inactive volume formed inside the digester. 
CFD models developed for mechanically agitated and liquid recirculation systems as well as 
their validations are discussed.  
Chapter 8: Performance evaluation of mixing systems in model anaerobic digesters 
This chapter evaluates the experimental results obtained from the model digester using three 
types of mixing methods. The industrial implications of experimental results are discussed.  
Chapter 9: Conclusions and recommendations 
This chapter summarises the main conclusions of the study. Recommendations are made for 
future work. 
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2.1  Overview of Anaerobic Digestion 
Anaerobic digestion is a biological conversion of organic waste into useful end products such 
as methane rich biogas and odour-free biosolids in an oxygen-free environment. It is a process 
which involves a complex bacterial population requiring complex nutritional needs and 
specialized ecological roles (McInerney and Bryant, 1981). Figure 2.1 shows four main stages 
of anaerobic digestion: hydrolysis, acidogenesis, acetogenesis and methanogenesis. 
 
 
 
Figure 2.1 - Anaerobic decomposition process in four stages (Appels et al., 2008) 
 
Great advantages offered by anaerobic digestion over other waste treatment methods were 
reviewed by Ward et al. (2008). Production of methane in the form of biogas is the main 
interest of the industry as methane is a cleaner renewable energy compared to coal and other 
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fossil fuels which cause air pollution. As for the digestate (biosolids) produced from 
anaerobic digestion, it can be used as a fertiliser or soil conditioner in farmland.  
Anaerobic digestion is applied to a wide range of feedstocks such as industrial and municipal 
wastewater, solid wastes from agricultural, municipal and food industry, etc. Its application is 
increasingly important nowadays due to the rapid growth in industries and increasing 
population in cities which lead wastewater treatment plants to intensify the existing processes 
and increase the feed rate to the existing digesters. However, the existing digesters are not 
initially designed for handling thickened sludge.  So, when the sludge gets thickened, mixing 
in digesters becomes poor, thereby leading to more operating issues. Similar problems are 
encountered in cities which focus on water conservation where the wastewater produced 
contains a higher solids concentration. These operating issues plus the greater potential for 
methane production from anaerobic digestion have raised the interest of researchers to 
investigate more on anaerobic digester operation. 
Increasing the efficiency of anaerobic digestion involves complete mixing of the digester 
contents to maintain the homogeneity of the mixture at all times. This means that the digester 
should approach an ideally mixed condition with no dead zones. However, it is merely 
impossible to attain an ideal mixing condition in digesters. This is because the operation of a 
digester is affected by many factors. The parameters that can significantly affect the 
efficiency of an anaerobic digester are the retention time of the substrate, local conditions, the 
extent of contact between the feed sludge and bacteria, etc. These parameters are related 
mainly to the hydraulic regime in the digester. Therefore, a better understanding of mixing is 
necessary to achieve an effective mixing in anaerobic digesters. Proper mixing helps to 
improve the temperature uniformity, distribute the substrate evenly throughout the digester 
volume, minimise the solid accumulation at digester bottom and scum formation. 
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Consequently, this leads to the creation of a suitable environment for the microbial processes. 
Conversely, ineffective mixing leads to various problems such as short-circuiting of digester 
feedstock around active mixing region, variation of pH and temperature throughout the 
digester, and the formation of dead zones. Dead zones are the volumes which do not get 
mixed and isolated from the active mixing zones in the digester. Dead zones reduce the 
effective volume of the digester significantly. They could lead to high digester failure rate due 
to the reduction in digestion efficiency. 
 
2.2  Problems Encountered in Anaerobic Digesters 
Operating difficulties due to the improper design and operation of anaerobic digesters were 
reported in the literature by many researchers. The formation of dead zones was recognised to 
be one of the critical problems for all digesters. Tenney and Budzin (1972) examined the 
residence time distribution of anaerobic digesters by injecting a fluoride tracer. By fitting the 
residence time distribution (RTD) data into mathematical models, they attempted to predict 
the back mixed, plug-flow and stagnant volume in digesters. They found that about a half of 
the primary digester volume was stagnant and only the other half was available for digestion. 
They concluded that an overdesign of the process parameters is required for compensating the 
inefficient mixing, which otherwise will significantly affect the stability of sludge produced.  
Monteith and Stephenson (1981) studied the mixing efficiencies of full-scale anaerobic 
digesters at two water pollution control plants in Ontario. By using sodium fluoride as a 
tracer, they reported that dead zones and short-circuiting were the significant problems in 
anaerobic digesters. Typically in primary digestion tanks, they showed that dead zones 
comprised 77% of the volume available for active mixing and 61% of the digester input did 
not get treated properly due to short-circuiting.  
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Lusk (1998) reported that a majority of the digesters in the USA failed to operate after a short 
period of operation and needed to shut down for maintenance. As part of the study carried out 
by Borole et al. (2006), the failure rate of digesters was found to be 50% overall. One of the 
major causes for digester failure is inadequate mixing in digesters. The degree of mixing in 
digesters is strongly dependent on the nature of the flow pattern induced by the mixing. 
However, the effects of hydrodynamics and mixing in anaerobic digesters were not reported 
in detail in the literature. 
Effective digester mixing was also found to be one of the main factors in controlling pathogen 
destruction under mesophilic treatment by Smith et al. (2005) who investigated various 
factors responsible for pathogen removal during the anaerobic digestion of biowaste. 
According to their hydraulic, biokinetic and thermodynamic model, the pathogen inactivation 
is most likely to be achieved with well-mixed digesters where dead zones and bypass flow are 
minimised. 
The problems identified above had become the main driving forces for this study which aims 
to understand and quantify the mixing level and flow patterns inside digesters and seek 
solutions to improve the overall performance of digesters.  
 
2.3  Mixing Level in Anaerobic Digester  
Due to the importance of mixing for anaerobic digester performance, several studies were 
carried out in the past four decades on anaerobic digester mixing. Stroot et al. (2001) studied 
anaerobic codigestion of municipal solid waste and biosolids under different mixing 
conditions. They found that digesters with low loading rates performed equally under both 
continuous and minimal mixing modes. They suggested that continuous mixing of sludge 
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with high solids concentration resulted in poor performance as the syntrophic relationship and 
spatial juxtaposition of microbial populations were regularly disturbed. So, they 
recommended minimal mixing, which is sufficient for distributing the substrate adequately 
throughout the digester, should be employed in the anaerobic digestion of sludge with high 
solids concentration. They suggested that minimal mixing might allow the formation of new 
spatial associations, whereas vigorous mixing could interfere with the digester performance. 
They also demonstrated that it is possible to stabilise unstable digesters by reducing the 
mixing level. 
Similar study was carried out  by Karim et al. (2005b) in livestock waste digestion. They 
compared the performance of mixed and unmixed digesters and showed that comparable 
performance could be obtained for unmixed and mixed digesters for dilute (5%) manure 
slurry. However, they found that mixed digesters produced more biogas compared to unmixed 
digesters when handling 10 and 15% manure slurry. 
 
2.4  Mode of Mixing in Anaerobic Digester 
The importance of effective mixing in anaerobic digesters has been recognised by many 
researchers (Casey, 1986, Lee et al., 1995, Smith et al., 1996). Two types of mixing are 
reported to occur in anaerobic digesters. They are natural mixing and assisted mixing. Natural 
mixing occurs in all anaerobic digesters due to the upward motion of biogas produced from 
digestion, and also due to other factors such as heating, feeding and the withdrawal of sludge 
(Casey (1986). However, the biogas evolution itself is not effective enough to prevent solids 
deposition at the digester bottom due to its low energy dissipation rate near the tank floor. So, 
an external mixing system needs to be brought in to process sludge and ensure that the 
digester volume is fully utilised. Assisted mixing can be carried out by various methods such 
  
 
38 
as mechanical mixing, sludge recirculation or sparging compressed biogas into the digester 
(Figure 2.2). Each of these methods has their own advantages and disadvantages. 
 
 
Figure 2.2 - Types of mixing systems: (a) sludge recirculation system, (b) mechanical 
mixing, (c) biogas released through gas lift system and (d) biogas released through gas 
piston system (Appels et al., 2008) 
 
Among the assisted mixing systems, mechanical mixing was considered to be the most 
effective in terms of power consumption (Brade and Noone, 1981). However, Lee et al. 
(1995) stated that anaerobic digestion by means of biogas recirculation is more efficient 
compared to mechanical agitation in terms of achieving a higher gas production rate.  
d 
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Dawson et al. (2000) studied the relative efficiencies of different types of mixing systems. A 
simulant, which has rheological characteristics similar to that of sludge, was selected to 
represent the sludge. The mixing experimental results demonstrated that sequential gas 
mixing arrangement performed the best among all mixing systems followed by impeller 
mixing. Sequential gas arrangement produced the largest active volume and shortest mixing 
time. Mixing performance of the liquid jet recirculation system was effective at low solids 
concentrations, but less effective at high solids concentrations. Continuous gas sparging 
system was found to be the least effective among the mixing modes tested. 
Karim et al. (2005b) proved that the mode of mixing is important when manure slurry with 
high total solids concentration is handled in digesters. They suggested that biogas 
recirculation is a promising option for digesting dilute manure slurry, but not recommended 
for thicker manure slurry due to the stratification and clogging problems it may cause. 
In terms of reliability over a long term operation of anaerobic digesters, mechanical mixers 
will not be adequate as they are made of internal fittings, impellers, bearings, etc. which are 
highly prone to mechanical failures. Rags can easily get caught in the mixer and therefore 
need to be cleaned regularly to avoid digester operation failure. Cleaning mixers can cost a lot 
of money and disturb the daily routine of the digester operation, thereby affecing the plant 
cost and revenue.  
According to Casey (1986), biogas and sludge recirculation systems are more reliable, from 
both operation and maintenance point of view, as they involve no moving parts. Lusk (1998) 
studied 100 field anaerobic digesters and stated that 60% of them failed mainly due to 
mechanical problems occurred within the digesters. Hence, maintenance-free mixing systems 
are preferred because anaerobic digesters are not often accessible for maintenance during 
operation.  
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Moreover, economic viability of anaerobic digesters is important in wastewater treatment 
plants and farms. The amount of energy used to achieve good mixing in anaerobic digesters is 
limited by the amount of biogas that can be generated during the digestion process. So, modes 
of mixing with high energy requirements are not economically feasible. Based on this 
consideration, digesters with gas recirculation system are more appealing due to their low 
energy requirement. 
Reviews on three main types of mixing system used in anaerobic digesters are presented 
below: 
2.4.1 Anaerobic Digesters with Mechanical Mixing System 
In mechanical mixing systems, one or more rotating impellers mounted on a centrally located 
shaft are used to generate the fluid flow required for digester mixing. Mixing efficiency in this 
case depends heavily on the physical design of the impeller and operating conditions, 
especially the stirring speed. Incorrect choice of impellers and operating speed can lead to 
ineffective mixing. When compared to other mixing methods, the use of mechanically 
operated impellers is less popular due to the problems arising from mechanical parts and the 
imbalance caused on the shafts when the rags accumulate on the impellers.  
Very few studies are available in the literature on biogas production by agitated anaerobic 
digesters. However, there are some contradictions in the literature about the effect of mixing 
degree on digester performance. Stafford (1982) studied the effect of stirring rates on digester 
performance. Impeller rotating speeds between 140 and 1000 rpm with intermittent mixing 
mode were used. He found that higher stirring rates resulted in lower gas production. 
Increasing the impeller speed was found to encourage only the initial gas production rate at 
the beginning of mixing.  So, slow mixing was suggested to be appropriate for higher gas 
production. Chen et al. (1990) investigated the mixing effect on anaerobic digesters treating 
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municipal solid waste. By comparing the methane production yield of an unmixed and a 
continuously impeller-mixed digester, they reported that higher methane production is 
obtained in the unmixed digester. However, Ho and Tan (1985), who studied anaerobic 
treatment of palm oil mill effluents, stated that continuously mixed digester produced more 
biogas than unmixed digester. Dague et al. (1970) studied anaerobic digestion of municipal 
liquid waste and found that intermittent mixing mode resulted in greater gas production 
compared to continuous mixing. 
These findings showed there is no clear knowledge about the effects of mixing on the agitated 
anaerobic digestion process. Furthermore, these investigations focused mainly on the effect of 
mixing on biogas production.  Not many attempts were made to understand the flow patterns 
inside the digester. Dawson et al. (2000) studied the active mixing volume generated by the 
impeller mixing as a part of their investigations on the efficiency of various mixing systems. 
However, their work on impeller mixing has not been explored further. More investigations 
on impeller mixing are required to understand its effect on the dead zone formation. The 
presence of dead zones is closely related to digester hydrodynamics and therefore mixing 
patterns induced by rotating impeller and dead zone formation are investigated in this study. 
 
2.4.2 Anaerobic Digesters with Sludge Recirculation System 
Pumps are employed for the sludge recirculation system in anaerobic digesters to overcome 
the head loss in the system. Sludge is withdrawn from the digester and pumped back to the 
digester where the injected liquid generates a fluid motion that helps in the mixing of the 
digester content.  
  
 
42 
To date, not many studies on anaerobic digesters with the sludge recirculation system have 
been reported in the literature. Dawson et al. (2000) investigated the effects of two different 
jets, a vertical downward jet and a tangential jet, on the mixing of different concentrations of 
a simulant (carboxymethyl cellulose or CMC). They did not find a significant difference for 
the two different jet orientations in the mixing of low viscosity simulant (0.3% CMC 
solution), which is equivalent to sludge with 2.5 % dry solids (DS). However, tangential jet 
performed better in the mixing of a thicker simulant (0.6% CMC solution which is equivalent 
to sludge with 5% DS) because the induced liquid flow in this case travels a longer path  
compared to that of a vertical downward jet. Dawson et al. did not conduct any experiments 
with 1% CMC solution which is equivalent to sludge with 10% DS because the active volume 
in this solution was too small even at the highest net power input.  These findings suggest that 
jet mixing is less effective when the thickness of slurry increases. Therefore it is clear that the 
use of the sludge recirculation method is not feasible for mixing very thick sludge. Karim et 
al. (2005a) compared the performance of an unmixed digester with those of digesters 
equipped with three different modes of mixing system, namely biogas recirculation, impeller 
mixing, and sludge recirculation. Karim et al.’s study focused on the effect of mixing type on 
biogas production. They reported that no significant difference in biogas production for the 
different modes of mixing for handling manure sludge with 5% solids. However, they found 
that the digester with sludge recirculation produced the highest volume of biogas when the 
solids content of manure sludge doubled to 10%.  
The above review shows that there is not much information available on anaerobic digester 
with the sludge recirculation system. It also shows that more studies are required to 
investigate the effects of various parameters on the hydrodynamics of anaerobic digesters 
equipped with the sludge recirculation system. 
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2.4.3 Anaerobic Digesters with Biogas Recirculation System 
There are two types of biogas mixing systems used in anaerobic digesters namely, confined 
and unconfined gas injections. In confined gas mixing systems, biogas produced during 
digestion is collected at the digester roof, compressed and released through a pipe sparger 
surrounded by a cylindrical draft tube. Gas released in this case travels up within the draft 
tube and directs the sludge from the digester bottom to rise up and flows in a circulation loop. 
Sludge is moved uniformly throughout the whole digester. Figure 2.2 (c) and (d) show the two 
types of confined gas injection systems, namely gas lifter and gas piston systems, 
respectively.   
In unconfined mixing systems, biogas is collected, compressed and discharged through 
multiple diffusers or a series of lances hanging from the digester roof. As the bubbles rise, the 
digester content is mixed by pushing the sludge to the surface. Figure 2.3 shows the two types 
of unconfined systems which deliver compressed biogas via diffusers (Figure 2.3a)  and 
lances (Figure 2.3b). 
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Figure 2.3 - Unconfined gas mixing systems: (a) diffuser system and (b) lance system. 
(U.S. Environmental Protection Agency, 1987) 
 
The unconfined diffuser system is more effective in preventing solids deposition at the 
digester floor, but not good in top mixing. A lack of top mixing could result in the building up 
of scum on the liquid surface. In addition, gas diffusers are prone to plugging problem which 
leads to frequent digester cleaning. Conversely, the unconfined lance system is able to prevent 
the scum build-up; however, solids deposition occurs at the tank bottom due to the ineffective 
mixing there. 
(a) 
(b) 
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There are many parameters that affect the mixing performance of digesters with biogas 
recirculation. Many researchers have studied the effects of parameters such as biogas 
recirculation rate, draft tube height, shape of the hopper bottom, size of the draft tube, 
injection point of the biogas, sparger design, loading rate of solids, etc. (Verhoff et al., 1974, 
Karim et al., 2004, Varma and Al-Dahhan, 2007). 
Verhoff et al. (1974) conducted a tracer study to determine the mixing volume in laboratory 
and plant scale digesters with gas-lift mixers. They showed that process optimisation of gas 
mixing system could be achieved theoretically and practically. The relative effects of 
buoyancy, viscosity and inertial forces on digester mixing were analysed and buoyancy was 
found to be the major factor. They recommended that controlling gas bubble size can optimise 
digester mixing. As mentioned earlier, Tenney and Budzin (1972) and Monteith and 
Stephenson (1981) used sodium fluoride as a tracer to measure the residence time distribution 
of full scale anaerobic digesters. Actual hydraulic retention time in the digester, a parameter 
that is controlled by the extent of mixing, can be calculated by analysing the residence time 
distribution (Tenney and Budzin, 1972). Results showed that large stagnant regions are 
formed in digesters and those volumes were not available for digestion. Elnekave et al. (2006) 
carried out a similar tracer study to investigate the mixing efficiency of an anaerobic digester 
in a municipal wastewater treatment plant. They found that fluoride tracer injected was 
uniformly distributed throughout the whole digester. They concluded that no real ‘dead zones’ 
exists in the digester. This could be the limitation of tracer analysis as it does not provide 
much information on local mixing but focuses on global mixing. So, the tracer study can be 
used to indicate the presence of inactive volumes and short-circuiting in digesters, but it 
cannot reveal their exact location and size. 
  
 
46 
Other than the tracer study, non-invasive techniques such as computer automated radioactive 
particle tracking (CARPT) and computed tomography (CT) were employed for digester 
mixing study (Karim et al., 2004). By using CARPT and CT, hydrodynamic parameters such 
as three dimensional (3D) flow pattern, velocity field and cross-sectional phase distribution in 
the digester can be determined. Karim et al. (2004) found a dead region at the bottom of a 
flat-bottom digester and proved that dead regions’s volume does not change significantly with 
increasing gas circulation rate. Furthermore, they found that the gas injected is trapped inside 
and above the draft tube with near zero gas holdup in the annular region between the draft 
tube and the tank wall. According to their study, digesters with a flat bottom configuration 
does not enhance fluid circulation. They also stipulated that digester bottom configuration and 
draft tube dimension need to be optimised to achieve effective mixing. Varma and Al-Dahhan 
(2007) also used similar techniques to study the effect of sparger design on the mixing of an 
anaerobic digester with gas recirculation system. Gas holdup distribution, liquid velocity and 
flow pattern were compared for systems with two different spargers: single orifice sparger 
(SOS) and multi-orifice ring sparger (MORS). Varma and Al-Dahhan showed that better gas 
holdup distribution and higher root mean square liquid velocities can be achieved using 
MORS than SOS for a given gas flow rate. Reduction in poorly mixed zones was also found 
in MORS system due to a higher density gradient between the inner and outer draft tube 
regions. It should be noted that tracer study, CARPT and CT are resource intensive and time 
consuming. 
The idea of using simulant which mimics sludge flow behaviour as a study material for 
digester mixing was initiated by Dawson et al. (2000). They investigated the mixing 
performance of continuous and sequential gas injection arrangements. They stated that the 
manner of gas introduction into model digesters via well-spaced diffusers at equal net power 
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inputs has a major impact on the size of active volume and mixing time within the active 
volume. They found that introduction of gas flow through diffusers in a sequential manner at 
equal net power inputs produced larger active volume and shorter blend time compared to the 
continuous gas sparging arrangement. They also proved that increasing the simulated sludge 
viscosity leads to a reduction of active mixing volume and an increase in blend time. Hence, 
the use of sequential gas sparging arrangement will be more advantageous when processing 
sludge with higher dry solids content.  
Apart from digester mixing study, studies on biogas production in gas recirculated anaerobic 
digesters were also conducted in the past by many researchers. Karim et al. (2005c) studied 
anaerobic digestion of manure slurry having 5% DS concentration and found that the higher 
methane production rate was attained in unmixed digesters. They showed that methane 
production decreases with increasing the biogas recirculation rate due to air infiltration. They 
reported that the change in draft tube height has no significant effect on methane production 
rates. However, it should be noted that Karim et al. conducted all experiments in a small-scale 
(4L) digester.  
Borole et al. (2006) conducted experiments similar to those conducted by Karim et al. (2005c) 
but in a larger-scale (100L) digester. Their results allowed them to compare the performance 
of a larger-scale digester to that of a small-scale digester. In the larger-scale study, Borole et 
al. (2006) found that mixing has a significant effect on digester operation. They found that the 
performance of an unmixed digester decreases after a certain period of operation whereas 
methane is produced continuously under mixed condition. These results contradict with the 
results obtained by Karim et al. (2005c) using the small-scale digeter. This is mainly due to 
the size of digester which is an important factor to be considered in digester design. Borole et 
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al. (2006) concluded that mixing plays a vital role in the design and operation of large scale 
anaerobic digesters.  
2.5  Computational fluid dynamics (CFD) modelling of anaerobic digesters 
Computational fluid dynamics (CFD) simulation is a useful tool to model the flow patterns 
and other parameters in full scale digesters. CFD software helps modelers to test the mixing 
efficiencies for different types of digesters numerically before building a real digester on site. 
It also shows how fluid flow patterns vary with various parameters such as digester geometry, 
mixing modes, and fluid properties. Investigations on digester mixing using CFD have been 
performed by many researchers (Vesvikar and Al-Dahhan, 2005, Karim et al., 2007, Wu and 
Chen, 2008, Wu, 2009, Wu, 2010, Mendoza et al., 2011, Wu, 2012). Although CFD is a 
valuable alternative to conventional experimental techniques, it is important to validate CFD 
results with experimental data for a given system due to the complexity of modeling 
multiphase systems in CFD (Vesvikar and Al-Dahhan, 2005). The closure equations and 
models for multiphase systems are not well established yet. 
A complex 3D model was developed by Fleming (2002) to simulate the major processes of a 
full scale covered lagoon digester. Processes such as bulk fluid motion, sedimentation, bubble 
mixing, bubble entrainment, buoyant mixing, advection, internal and external heat transfer, as 
well as biological reactions were taken into account in the model. Performance data from a 
full scale digester in central North Carolina were used to validate the model developed. A few 
years later, Vesvikar and Al-Dahhan (2005) studied the flow patterns inside an internal airlift 
loop digester computationally to determine many hydrodynamic parameters. Simulation 
results were compared with the experimental outcomes produced by Karim et al. (2004) in a 
lab scale digester using CARPT and CT techniques. They claimed that the numerical 
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predictions agree well with the experimental results in spite of using different liquid (water) in 
their simulation.  
The effects of various digester designs and operating parameters on digester flow patterns 
were examined using CFD simulations by many researchers. Karim et al. (2007) studied the 
effect of digester bottom configuration and a hanging baffle on the mixing of a gas-lift 
digester using CFD simulation. Simulation results agreed well with the previous findings by 
Karim et al. (2004). The addition of a hanging baffle was found to reduce the size of poor 
mixing zones significantly. However, only a slight improvement in the dead zone reduction 
was achieved by changing the digester base from flat bottom to conical bottom.  
Wu and Chen (2008) developed a non-Newtonian mixing model to simulate the fluid flow in 
a mixed-flow anaerobic digester using CFD simulation. The model was validated by 
comparing the simulation results with the experimental results obtained by Pinho and 
Whitelaw (1990). Different scales of anaerobic digesters were investigated in this work and 
the presence of an optimum power input was found for all digesters studied. Wu and Chen 
(2008) also suggested that the flow patterns for Newtonian and non-Newtonian liquids are 
different. 
 Wu (2009) extended the non-Newtonian mixing model to the simulation of mechanically 
agitated digesters. Four designs were studied, and the flow pattern and power consumption of 
each design were evaluated. He reported that the impeller power input increased non-linearly 
with increasing total solids (TS) in liquid manure. All mixing designs studied, either with a 
single propeller or two propellers, were able to achieve complete turbulent mixing of liquid 
manure with low TS. However, Wu recommended that mechanically agitated digesters with 
multiple propellers to be used for processing high TS liquid manure. Wu (2010) developed a 
CFD model to predict the mixing time of an impeller assisted digester under turbulent mixing 
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condition. Wu reported that the mixing time depends greatly on the flow field generated by 
the impeller and does not increase proportionally with the total solids in liquid manure. In 
other words, viscous fluid requires longer time to achieve homogenisation. 
Mendoza et al. (2011) modeled the flow inside an anaerobic digester using CFD. Their 
simulation outcomes showed that the distribution of velocities and streamlines is vital for 
determining the occurrence of dead regions in the digester. Recently, Wu (2012) developed a 
CFD model for the mechanical mixing of high solids sludge in anaerobic digesters. 
Simulations involved the use of six different impeller designs and four manure types. Mixing 
time and mixing energy level were used for the evaluation purpose. The effects of flow 
regime and impeller type on mixing characteristics were also discussed by Wu. 
The CFD models reported in the literature enabled the simulation of flow patterns and various 
parameters in anaerobic digesters. However, the rheological characteristics of sludge were not 
taken into account appropriately in those models. Some of the researchers assumed sludge as 
water, which is a Newtonian fluid (Vesvikar and Al-Dahhan, 2005). On the other hand,  
others assumed sludge as a non-Newtonian fluid with pseudo-plastic characteristic (Karim et 
al., 2007, Wu and Chen, 2008, Wu, 2009, Wu, 2010, Wu, 2012). A majority of the studies 
that simulated anaerobic digesters using CFD involved cattle manure sludge. The current 
work focuses on the mixing of anaerobic digesters in municipal wastewater treatment plants 
and treats digested sludge as a non-Newtonian yield pseudo-plastic fluid. 
 
2.6  Design guidelines of anaerobic digester 
Mixing is a well investigated and commonly used unit operation in process and chemical 
industries. Mixing via mechanical means and liquid recirculation has been widely studied in 
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baffled and unbaffled vessels. However, the theory and advancements developed in process 
mixing theory have not been extended to digester mixing yet.  
There are only two quantified design guidelines available for digester design. They are 
published by the U.S. Environmental Protection Agency (1987) and Degr mont (200 ). Many 
digester mixing systems were commonly designed based on these guidelines. The commonly 
used guidelines are: 
i. Power input per unit volume (W/m3) (U.S. Environmental Protection Agency, 1987); 
ii. Gas flow rate per unit volume of sludge (m3/h. m3) (U.S. Environmental Protection 
Agency, 1987); and 
iii. Gas flow rate per unit area of digester (m3/h. m2) (Degr mont  200 ). 
Table 2.1 - Recommended design guidelines for digester design 
Parameter Definition Typical value Application 
P/V 
Power input by mixing 
equipment divided by 
digester volume 
5 - 8 W/m
3
 UK/US shapes 
2 - 4 W/m
3
 Egg shapes 
Unit gas flow 
 
U.S. EPA: 
 
 
Degr mont: 
Quantity of gas delivered 
divided by digester 
volume 
0.27 - 0.3 m
3
/h.m
3
 Unconfined 
0.3 - 0.42 m
3
/h.m
3
 Confined 
Quantity of gas delivered 
divided by digester cross-
sectional area 
0.8 m
3
/h.m
2
 Not specified 
 
However, these values do not ensure adequate digester mixing as sludge rheology and 
digester geometries are not considered in the design guidelines. Different design guidelines 
result in inconsistent outcomes when used for scale-up, changing the aspect ratio, sludge 
thickening or different types of mixer design.  
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Figure 2.4 - Egg-shaped anaerobic digesters at Thames Water's Reading, UK (Bennett, 
2007) 
 
Moreover, the magnitude of mixing energy input does not provide any information on the 
actual distribution of the mixing energy in the digester volume, which is important especially 
for viscous substrate digestion (Casey, 1986). According to Casey (1986), theoretical 
considerations showed that a low mixing intensity is sufficient for adequate mixing in 
digester. However, insufficient mixing still occurred in digesters operated even at higher 
specific power inputs. This is due to non-uniform dispersion of mixing energy within the 
digester volume, which causes solids deposition at the tank bottom and flotation on the liquid 
surface. Furthermore, various mixing systems will have different patterns of energy 
distribution in the tank. So, the distribution of mixing energy throughout the whole digester 
volume is the key for an effective mixing system. 
Barker and Dawson (1998) reported, based on a survey of mixing power input in various 
digesters and EPA guideline values, that a majority of the digesters were underdesigned. 
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According to Dawson et al. (2000), design values are usually based on the years of experience 
of manufacturers, operators and design engineers instead of a definitive mixing theory. This is 
mainly due to several limitations such as variable sludge composition, limited knowledge on 
sludge rheology effects, different types of mixing system used in digesters, and insufficient 
data on the effect of process parameters on digester performance. 
Other than mixing energy inputs, use of suitable mixing systems in anaerobic digesters is also 
very important. The interaction between the mixing effects of biogas and the assisted mixing 
system should be complementary. The fluid flow induced by the external mixing system 
which opposes the rise of evolved biogas would prevent the distribution of mixing energy 
throughout the digester. In addition, digester geometry must also be considered when 
selecting the external mixing system. Achieving a uniform distribution of mixing energy is 
not an easy task in anaerobic digesters. Digesters operated with concentrated power input 
often lead to unequal shear rate distribution over a large liquid surface and the wide digester 
tank floor. Therefore, the design of mixing system for anaerobic digesters needs to be flexible 
in spreading the mixing power input throughout the digester which might process sludge with 
various solids concentrations from time to time. 
 
2.7  Sludge Rheology 
The importance of estimating sludge rheological properties for the better design and efficient 
operation of anaerobic digesters has been strongly emphasised in the literature (Slatter, 1997, 
Slatter, 2003). Rheology data of sludge are required for calculating the head loss and pumping 
power for the sludge recirculation systems employed in anaerobic digesters (Slatter, 2001). 
Slatter (2008) showed that sludge rheology is fundamentally important in analysing the 
hydrodynamic behaviour of sludge in tertiary treatment processes. Unfortunately, rheology 
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data available for digested sludge at low shear rates are limited in the literature (Baudez et al., 
2011). 
Sewage sludge is a complex mixture. Sludge is a non-Newtonian material with yield stress 
and shear thinning characteristics (Baudez and Coussot, 2001, Mori et al., 2006). Different 
rheological models were used to describe the rheological behaviour of digested sludge for 
various shear rate range. Baudez et al. (2011) suggested that Herschel-Bulkley (Equation 2.1) 
and power-law (Equation 2.2) models are more appropriate for low and intermediate shear 
rates, whereas Bingham model (Equation 2.3) is sufficient to describe at high shear rates.  
       ̇
   
2.1 
    ̇  
2.2 
       ̇ 
2.3 
where   = shear stress,    = yield stress,   = consistency index,   = flow index,  ̇ = shear rate 
and  = fluid viscosity. 
In Herschel-Bulkley model (Equation 2.1), an extra term of yield stress is added to the power 
law model which quantifies the amount of stress required by the fluid before it starts flowing. 
In other words, yield stress is a minimum amount of stress needed to destroy the weak solid 
structure formed due to the interaction between sludge particles and generate sludge 
movement. Once the yield stress is exceeded, particle-particle interactions are broken and 
sludge particles move with the liquid under viscous forces. This behaviour can be modeled by 
power law equation (Equation 2.2). The power law model is a generalised model for a non-
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Newtonian fluid and it can be used to model shear thinning behaviour of sludge suspensions. 
The Bingham model (Equation 2.3) is able to capture the yield stress behaviour of sludge and 
constant viscosity behaviour of flowing sludge at high shear rates.  
However, the model to be used is only valid for a specific shear rate range depends on the 
complexity of the modeled process (Baudez et al., 2011). Moreover, rheological properties of 
sludge vary from location to location in an anaerobic digester due to different sludge 
compositions. So, it is important to investigate the shearing condition and the rheological 
characteristics of sludge before investigating digester mixing. It helps to select the best model 
to represent sludge and obtain a better understanding on sludge behaviour during mixing. 
Digester mixing involves a wide range of shear rates. Sludge experiences high shear rates in 
the region near the mixing source. However, the shear rate tapers off with distance from the 
power input location. There will be a region in the digester with a low shear rate where both 
sheared and unsheared zones coexist. Shear banding and viscoelastic behaviour are found in 
this region (Baudez et al., 2011). Sludge is not mixed in unsheared regions and these regions 
are recognised as dead zones. The aim of the present study is to investigate the size of the 
active mixing volume in a digester. A range of shear rates, from low to intermediate, that is 
appropriate should be considered in the digester mixing. This requirement leads to the 
selection of Herschel Bulkley model in the present work for modeling the sludge behaviour in 
anaerobic digesters as it describes both pseudoplastic behaviour and yield stress of digested 
sludge under low to intermediate shear rate ranges. 
To date, only a very few papers have been published in which sludge rheology is taken into 
account in digester mixing studies. Dawson et al. (2000) used Hershel-Bulkley model to 
predict the sludge viscosity in their digester mixing study to determine the effect of viscosity 
  
 
56 
on digester performance. They found that the viscosity of sludge has a strong relationship 
with the digester active volume and mixing time for all mixers used.  
The presence of large inactive mixing zones in digesters can easily lead to digester failure. 
Therefore, the study on sludge rheological behaviour is important and sludge rheology needs 
to be considered in digester design as it influences the digester performance significantly. 
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3.1  Introduction 
In most of the studies mentioned in Chapter 2.0, the sludge was employed as the working 
material. Conducting experiments using sludge can be very challenging because it is a 
complex material and has a time-dependent rheological properties. Sludge is a biological 
hazardous material and it emits bad odour which causes uncomfortable working environment. 
Due to the active microbial reaction that occurs in the sludge, its composition and rheology 
change continuously with time. Therefore, fresh sludge is preferred for experimental work, 
but this requirement demands a regular supply of sludge from the wastewater treatment plant 
which is often not practical.   
In addition, sludge is opaque in nature and therefore direct visualisation of mixing patterns 
cannot be achieved in experiments involving real sludge. It is difficult to visualise and 
identify the effects of operating and geometrical parameters on the formation of dead regions 
and flow patterns in an opaque material such as sludge. Therefore, novel techniques are 
required to study anaerobic digester hydrodynamics. Noninvasive techniques such as 
computer automated radioactive particle tracking (CARPT) and computed tomography (CT) 
were used by Karim et al. (2004) for studying sludge flow patterns inside digester. Three-
dimensional flow patterns and hydrodynamic parameters such as velocity field and cross 
sectional phase distribution were determined using these techniques. Yet, these techniques are 
restricted by time and resource constraints.  
Based on the above considerations, it was decided that sludge cannot be used as a working 
material for controlled experiments in this work. It was also decided to use a model fluid in all 
experiments because it is a safer and cost effective option.  The main requirements of the 
model liquid are that it must be transparent and it should possess rheological characteristics 
similar to those of digested sludge. The transparency of the fluid enables the direct 
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observation of flow patterns in the system using a flow visualisation technique which is 
discussed in Section 3.5. 
 
3.2  Rheological Characterisation of Digested Sludge 
Samples of digested sludge were collected from anaerobic digesters in wastewater treatment 
plants operated by South East Water and Melbourne Water companies in Melbourne, 
Australia. Rheological characteristics of digested sludge from these two sites were found to 
vary because of their differences in composition. The solids concentration in the sludge 
samples was also found to vary from 2 to 2.23 wt%. In this study, 2.23 wt% is taken as the 
reference solids concentration for the digested sludge and it is referred as 2.23 wt% digested 
sludge in the rest of the thesis. 
Rheological tests of 2.23 wt% digested sludge were conducted at digester operating 
temperature of 37 ˚C.  Rheological data obtained from these tests was used to select a suitable 
model fluid. A stress controlled rheometer SR200 (Rheometrics) with ‘cup and bob’ geometry 
was used to carry out the rheological measurements.  
Herschel-Bulkley model (Equation 3.1) was used to fit the shear stress and shear rate data 
obtained from the rheology test:  
       ̇
                                                           
3.1 
where     = shear stress     ̇ = shear rate 
     = yield stress      = flow behaviour index 
    = flow consistency index 
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The ‘Sum of Squares Error (SSE)’ estimated using equation  
3.2 was used to determine the closeness of fit between the Herschel-Bulkley model 
predictions and the measured data. Lower the value of SSE, better the fit and vice versa. The 
rheological parameters such as yield stress y, n and k were determined by minimising the 
error between the predicted shear stress and the measured shear stress at a given shear rate. 
                                                 
(                    )
 
          
                                                  
3.2 
 
3.3  Simulant Selection and Preparation 
The idea of using model fluids to represent real materials for experimental purposes has been 
widespread in food science, chemical and mining processing fields. The use of a simulant in 
digester mixing study was first employed by Dawson et al. (2000). To visualise the mixing 
patterns inside a mixing vessel, Dawson et al. used a transparent simulant which has similar 
rheological behaviour as sludge. They used sodium carboxymethylcellulose (CMC) solution, 
a non-Newtonian transparent fluid, as the simulant. A dye injected into CMC solution during 
the experiments revealed the fluid flow pattern induced by mixing and enabled the 
measurement of active volume in different types of mixing systems at various power inputs. A 
similar approach was employed in this study. The model liquid was used instead of real 
sludge in all experiments. As mentioned above, a model fluid is less complicated compared to 
real sludge, but it will be still able to simulate the rheological behaviour of sludge.  
Most of the previous studies using this approach focused on determining model fluids for 
activated sludge. Model fluids such as kaolin suspensions (Spinosa and Lotito, 2003), 
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polymeric gels (Legrand et al., 1998), polyvinyl chloride (PVC) suspensions (Bongiovanni, 
1998) and polystyrene latex (Sanin and Vesilind, 1996, Örmeci and Vesilind, 2000) were used 
to represent activated sludge. Conversely, very few studies focused on determining model 
fluids for digested sludge. Eshtiaghi et al. (2012) studied the rheological properties of three 
transparent model fluids such as laponite, carbopol and CMC to determine whether they are 
suitable for mimicking the behaviour of thickened digested sludge. They concluded that CMC 
is sufficient to mimic the real sludge under steady state and high shear rate conditions, such as 
pipe flow, mixing and aeration whereas carbopol can be a good model for sludge under short 
time shear processes like pumping. They also showed that laponite possesses thixotropic 
properties and it is able to simulate the time dependency of real sludge.  
The present study involves mixing and shearing of sludge.  Although CMC could be one of 
the suitable model fluids, it was not selected in this study because it does not possess yield 
stress. Xanthan gum Keltrol-T (XGKT) solution was chosen as the simulant of digested 
sludge in this work because it simulates the rheological behaviour of digested sludge closely 
and it possesses yield stress. XGKT solution is easy to prepare and handle. It is also 
transparent, stable within a wide range of pH, and cost effective.  
Generally, aqueous solution of XGKT is a shear-thinning fluid. Experiments in this work 
were conducted using XGKT solutions with different concentrations at 20ºC. Densities of 
XGKT solutions with various concentrations varied from 997 to 999 kg/m
3
. The rheological 
properties of XGKT solution at 20ºC were determined using SR200 rheometer with ‘cup and 
bob’ geometry. Hershel-Bulkley fluid parameters (yield stress, n and k) for XGKT solutions 
were determined using the approach similar to that for digested sludge.  
XGKT solutions with four concentrations of 0.15, 0.225, 0.3 and 0.4 wt% were used in this 
study.  To prepare a XGKT solution with a certain concentration, the experimental tank was 
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first filled with deionised water up to a height where  
                           
              
    . The 
required mass of XGKT powder (supplied by CP Kelco, U.S.) was then slowly added to the 
water while the impeller is rotated at 400 rpm. The mixture was stirred for 2 hours until 
XGKT powder dissolves completely. XGKT solution was prepared a day prior to the actual 
experiment to allow all the trapped air bubbles to escape from the solution. It is important to 
follow this procedure consistently in the preparation of the XGKT solution to ensure that 
there are no swollen lumps formed during mixing due to the poor dispersion of XGKT 
particles. 
 
3.4  Experiment Setup and Procedure 
All experiments were conducted in a cylindrical vessel with a diameter DT of 0.19 m. To 
reduce the optical distortion caused during flow visualisation by the curvature of the 
cylindrical tank, it was located in a square tank and the gap between the two tanks was filled 
with water. The liquid height in the cylindrical tank was maintained equal to the tank diameter 
in all experiments, thereby providing an aspect ratio of 1:1. 
Three different types of mixing techniques were used in this work. They were: mechanical 
mixing, liquid recirculation and gas sparging systems.  
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3.4.1 Mechanical Mixing System 
In all mechanical mixing experiments, the mixing was achieved using a six-bladed Rushton 
turbine. The impeller was located at the axis of the cylindrical vessel with an impeller 
clearance from the tank bottom equal to half the liquid height (Figure 3.1 (a) and (b)).  
The impeller was driven by an electric motor with an in-built controller (RZR 2102 control by 
Heidolph). The impeller speed was read from the digital display on the motor. The accuracy 
of the impeller speed displayed on the motor screen was checked periodically using a digital 
tachometer. 
A specific power input range of 5 – 8 W/m3 was recommended by the US EPA (U.S. 
Environmental Protection Agency, 1987) when operating digesters with mixing equipment. A 
similar specific power input range was used in this study to determine the mixing patterns 
formed in all mixing systems. In addition, specific power input values outside the 
recommended guidelines were also used. The impeller speed required to achieve a desired 
specific power input was determined using the following equation. 
       
3.3 
where P is the power (W), N is the impeller speed (rps) and T is the torque applied (Nm).  The 
torque experienced by the impeller shaft was measured using a torque transducer attached to 
the impeller shaft. The torque versus impeller speed plot for XGKT solutions with different 
concentrations is shown in Appendix A. 
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Figure 3.1 - Schematic diagram of (a) mixing tank and (b) impeller- 6-bladed Rushton 
turbine 
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Experiments with specific power input values lower than 5 W/m
3
 were not carried out in 0.4 
wt% XGKT solution because no liquid motion was generated under such conditions due to 
the high viscosity of the solution. In 0.3 and 0.4 wt% XGKT solutions, only specific power 
input values greater than 8 W/m
3
 were used as it was difficult to achieve homogeneous 
mixing in these solutions with the US EPA recommended power inputs even after long 
mixing period. Details of the specific power input values used in XGKT solutions of various 
concentrations are shown in Table 3.1. 
 
Table 3.1 - Experiment conditions for XGKT solutions with four different 
concentrations 
No. XGKT Concentration (wt %) Temperature (˚C) Specific power input (W/m3) 
1 0.150 20 
3.5 
5.0 
8.0 
2 0.225 20 
2.5 
3.5 
5.0 
8.0 
3 0.300 20 
2.5 
3.5 
5.0 
8.0 
10.5 
4 0.400 20 
5.8 
8.0 
10.5 
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3.4.2 Liquid Recirculation System 
Four different nozzle arrangements were used in this work to study the mixing characteristics 
of liquid recirculation system. They are: vertical-downward, vertical-upward, tangential 45° 
upward and tangential 45º downward. The schematic diagrams of these nozzle arrangements 
are shown in Figure 3.2. The nozzle arrangements are designated as Jets A, B, C and D 
respectively, for the purpose of convenience in the rest of the thesis. In all these systems, the 
liquid was withdrawn from the bottom of the tank using a 10 mm diameter glass tube and 
delivered into the tank through a nozzle of 6 mm diameter. The liquid withdrawal location 
was maintained constant in all experiments. A constant flow rate of XGKT solution was 
continuously withdrawn from the bottom of the vessel throughout the whole experiment. A 
peristaltic pump with variable speed drive was used to withdraw the liquid from the tank and 
recirculate it.  
The pump speed was determined based on the desired specific power input and the liquid flow 
rate required in achieving the desired specific power input. The power input due to liquid 
injection was determined using the following equation suggested by Casey (1986): 
  
 
 
   ̇  
           
3.4 
where P is power input (W), ρ is the density of the solution pumped (kg/m3),    ̇ is the liquid 
recirculation flow rate (m
3
/s) and vj is the liquid jet velocity (m/s). The specific power input 
(P/V, W/m
3
) was determined by dividing the power input by the volume of liquid in the tank. 
The derivation of the power input equation for liquid recirculation system and a sample 
calculation is shown in Appendix B. Experiments with liquid recirculation system were 
carried out at four specific power input values, which are 3.5, 5.0, 8.0 and 10.5 W/m
3
.  
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Figure 3.2 - Schematic diagrams of different nozzle arrangements used in liquid 
recirculation system 
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(d) Tangential 45˚ Downward pumping 
- Jet D 
(c) Tangential 45˚ Upward pumping 
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3.4.3 Gas Sparging System 
Gas sparging experiments were carried out with air as the gas phase and XGKT solution as 
the liquid phase. The experimental arrangement used for gas sparging tests is shown in Figure 
3.3. The system used is an unconfined mixing system with no draft tube around the sparger. 
Compressed air was delivered into the tank through a 2 mm diameter (internal diameter) 
metal tube. Two types of gas sparging arrangements were used in this work. They are: nozzle 
pointing downwards (Figure 3.3a) and nozzle pointing upward (Figure 3.3b). The mixing in 
the liquid phase was achieved due to the adiabatic expansion of gas bubbles released from the 
sparger as they rise towards the liquid surface. In both sparging arrangements, the nozzle was 
located at mid-liquid height position at the centre of the tank. 
The air flow rate for a given run was determined based on the specific power input chosen for 
the run. The power input (P) due to the liquid flow induced by gas sparging was calculated 
using the following equation suggested by Casey (1986). 
  
     ̇   
     
[(
  
  
)
     
 
  ] 
3.5 
where   is the specific heat of air,     ̇  is the air recirculation rate, P2 is atmospheric pressure 
and P1 is the pressure at a gas injection point which is equal to the sum of atmospheric 
pressure and the static liquid head. The specific power input (P/V, W/m
3
) was determined by 
dividing the power input by the volume of liquid in the tank. Experiments with gas sparging 
were carried out four specific power input values, which are 3.5, 5.0, 8.0 and 10.5 W/m
3
. The 
gas flow rate (    ̇ ) required was determined by first multiplying the chosen specific power 
input with the liquid volume (V) and using the resulting power input (P) in equation 3.5. The 
derivation of equation 3.5 and a sample calculation are shown in Appendix C. 
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Figure 3.3 - Experimental setup for model digesters with gas sparging system 
  
(a) 
    
    
  
Air supply   
  
  
    
    
    
    
   
    Air supply 
  
    
    
    
(b) 
  
 
70 
3.5  Flow Visualisation Technique 
A non-intrusive method involving direct visualisation of an acid-base neutralization reaction 
was used to observe the mixing flow patterns in the model digester in this work. This method 
has been used in process mixing studies by many researchers (Lamberto et al., 1996, Makino 
et al., 2001, Yek et al., 2009). The knowledge obtained from these studies is beneficial in the 
design and operation of process vessels employed in pharmaceutical, chemical, food, 
polymer, and mineral processing industries. However, this technique and the associated 
process mixing theory has not been applied to the anaerobic digester mixing due to lack of 
data on sludge rheology and various digester geometries used in different plants.  
In this study, the acid-base neutralisation technique was chosen to investigate the mixing flow 
patterns in all three modes of mixing chosen. In each experimental run, the test solution was 
prepared by dissolving the XGKT powder in distilled water and the solution was allowed to 
rest overnight to allow trapped air bubbles to escape. A sample of 30 ml of XGKT solution 
was removed from the tank for preparing acidic and basic solutions used in the neutralization 
reaction. A fluorescent green dye was then added to the bulk solution and the tank content 
was stirred until a uniform green-coloured solution was obtained. The fluorescent green dye 
acted as a passive tracer in highlighting the flow patterns during the mixing experiment. The 
solution in the tank was then made basic by adding a solution containing 15 ml of 1M of 
sodium hydroxide (NaOH) and 15 ml of XGKT solution. The mixture was stirred until a 
steady pH is achieved. During the mixing, the temperature of water in the space between the 
cylindrical and square tanks was maintained at 20ºC by circulating it through constant 
temperature water bath. Once the working solution achieved the desired temperature, the 
mixing was initiated either by running the impeller at a chosen speed for the mechanical 
mixing system or introducing the liquid or gas at chosen flow rates for liquid recirculation and 
gas sparging systems, respectively. A solution containing 20 ml of 1M hydrochloric acid 
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(HCl) and 15 ml of XGKT solution was then injected into the tank from a syringe with a 
flexible tube (5 mm diameter) attached to its tip. The injection location for the mechanical 
mixing system was above the impeller disc and near the impeller shaft. For liquid 
recirculation and gas sparging systems, the acidic solution was injected closer to the nozzle. 
The excess 5 ml HCl solution injected in all experiments was to ensure all NaOH in the tank 
is fully neutralized at the end of reaction.  
All flow visualisation experiments in this work were conducted in a dark room. To visualise 
the mixing patterns clearly, a sheet of light was produced by passing the light from two lamps 
placed on the opposite sides of the tank through narrow vertical slits on cardboard sheets 
fastened onto the external square tank as shown in Figure 3.4. The vertical plane of the axis of 
the cylindrical tank was illuminated by the sheet of light passing through the vertical slits. A 
digital video camera placed perpendicular to the sheet of light recorded the images of the 
mixing patterns. These recordings provided a two-dimensional image of what occurs in the 
vertical centre plane of the tank.  
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Figure 3.4 - Top view of the experimental setup of mechanical mixing system  
 
In all experiments, the decolourisation of the green dye was observed immediately after the 
injection of acid solution into the tank solution. The decolurisation is due to the fast acid-base 
neutralisation reaction. The well-mixed or active regions became colourless due to the 
reaction and unmixed or inactive regions remained green. To prevent the overheating of the 
tank and its contents, the lights were switched on for the first 10 minutes, and switched on and 
off at regular intervals for recording purposes. Mixing was continued until the inactive 
regions disappeared completely or for two hours whichever was earlier. In some cases, the 
inactive regions (or dead regions) were still visible even after two hours of mixing.  
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3.5.1 Estimation of Inactive Volume 
The cross-sectional area and the volume of inactive regions were determined by carrying out 
an image analysis of the video images captured by the digital video camera. The digitised 
time frames of the video images were used for determining the decolourisation time. 
 
 
Figure 3.5 – Inactive regions are seen as green regions, whereas active mixing regions 
are the darker regions in two different scenarios: (a) isolated mixing regions (IMRs) 
structures and (b) cavern. 
 
Figure 3.5 shows the typical shapes of inactive regions formed in the system involving 
mechanical mixing. The image shown in Figure 3.5(a) occurs in low viscous XGKT solutions 
such as 0.15 wt% solution. It has two doughnut shaped inactive regions one above and one 
below the rotating impeller. These regions are conventionally called as isolated mixing 
regions or IMRs. On the other hand, the image shown in Figure 3.5(b) indicates a cavern 
shaped well mixed (active) region surrounding the rotating impeller. The cavern type active 
regions occur in highly viscous solutions such as 0.4 wt% XGKT solution. The inactive 
region outside the active region is known as stagnant or dead region.  
The measurement procedure for determining the inactive volume from images with IMR 
structure is slightly different from that with cavern structure. The cross-sectional area of IMRs 
(a) (b) 
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was not always a perfect circle. Thus, the cross-sectional area of IMR was measured using 
image analysis software (Image J) and assumed to be equal to the cross-sectional area of a 
circular IMR. Figure 3.6 shows the typical side and top views of ring or torus shaped IMRs. 
The volume of IMRs was calculated using the following equation: 
 
3.6 
where rIA is the radius of the cross-sectional area of inactive region and RIA is the mean radius 
of the torus measured from the centre of the torus to the impeller shaft axis. Both rIA and RIA 
were measured from the video images of IMRs.  
 
Figure 3.6 – Side and top views of ring or torus shaped IMRs. 
 
In cases of systems with cavern structure, the inactive volume was determined by subtracting 
the cavern volume from the total liquid volume. Figure 3.7 shows the typical side and top 
views of cavern. The cavern volume was determined by measuring the cross-sectional area of 
caverns using Image J and using it in the formula for torus volume as shown in equation 3.7.  
Volume of torus = Volume of IMR 
      = (Cross-sectional area of IMR) × (Circumference of torus) 
     = (πrIA
2
) (2πRIA)                
RIA rIA 
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3.7 
where rC and RC are the radius of the cavern cross-sectional area and mean radius of the torus 
respectively. The volume of inactive region was calculated as follows: 
 
3.8 
 
Figure 3.7 – Side and top views of cavern 
 
The method used to determine the dead volume in experiments with liquid recirculation 
system was slightly different from that for the mechanical mixing system. This is mainly due 
to the irregular shapes of mixing regions formed in the liquid recirculation system. The shape 
of the mixing region was found to vary depending on the jet arrangement used (Figure 3.8). 
The active and inactive volumes were estimated according to the shapes observed in the two 
dimensional (2D) image. For instance, the active mixing volume (colourless region) shown in 
Volume of cavern = [(Cross-sectional area of cavern) × (circumference of torus)] 
        = [(πrC
2
) (2πRC)]   
Volume of Inactive Volume = Total mixing volume – Volume of cavern 
          = Total mixing volume – [(πrC
2
) (2πRC)]        
R
C
 r
C
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Figure 3.8(a) was assumed to have a cylindrical shape (shown in broken lines) whereas the 
inactive volume (green region) in Figure 3.8(b) was assumed to have the shape of a half 
cylinder (cylinder split diagonally) shown in broken lines.  
In the gas sparging system, the active mixing volume for upward and downward nozzle 
arrangement was estimated assuming they are cylindrical volume shown in broken lines 
(Figure 3.9). The active volume was calculated using the formula for cylinder volume and the 
inactive volume was determined by subtracting the inactive volume from the total liquid 
volume. 
 
Figure 3.8 - Different shapes of active mixing regions formed in the liquid recirculation 
system: (a) vertically upward jet (Jet A) and (b) 45° upward jet (Jet C) 
 
(a) (b) 
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Figure 3.9 – Cylindrical shaped active mixing volume formed in the gas sparging system 
(a) nozzle pointing upward and (b) nozzle pointing downward. 
  
(a) (b) 
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3.5.2 Extent of Mixing 
(a) Dimensionless Mixing Time (Ntm) 
The mixing time (tm) is defined in this work as the time lapsed after the injection of acidic 
solution into the XGKT solution in the tank. The changes in the size of active and inactive 
mixing regions were determined from the recorded video images at various intervals. For 
further analysis of the results of this work, the mixing time is expressed as a dimensionless 
time, Ntm as shown in the following equation: 
         
3.9 
where tm is the acid-base decolourisation time and N is the impeller speed. Ntm also represents 
the number of impeller rotations at any given time. It should be noted that the dimensionless 
mixing time is applicable only to the mechanical mixing system as the mixing was achieved 
due to the rotation of the impeller. 
(b) Number of turnover (NT) 
For liquid recirculation and gas sparging systems, mixing time is determined using the 
number of turnovers, NT. In the case of the liquid recirculation system, NT represents the 
number of times the liquid in the tank is withdrawn and replaced by the total volume of the 
liquid in the tank during mixing. In the case of the gas sparging system, it represents the 
number of times the liquid in the tank has been turned around by the induced liquid flow rate 
generated by gas sparging.  
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In the liquid recirculation mixing system, NT is determined by the following equation: 
    
    ̇        
  
 
3.10 
where V is the liquid volume in the tank (m
3
),   ̇  is the liquid recirculation flow rate (m
3
/s)  
and tm is the time elapsed since the injection of acidic solution into the tank (s).  
The number of turnover NT for gas sparging system was calculated using the following 
equation which is similar to equation 3.10.  
    
      ̇       
  
 
3.11 
Here     ̇  is the liquid flow rate induced by gas sparging (m
3
/s), V is the liquid volume in the 
tank (m
3
) and tm is the time elapsed since the injection of acidic solution into the tank (s).  
    ̇ was calculated using the following equation: 
    ̇        (
  
 
)
 
 
3.12 
where UL* is the velocity of the liquid flow induced by gas sparging (m/s). It was estimated 
using a set of theoretical correlation developed by Kawase and Moo-Young (1989). The 
calculation of UL* at the vessel axis was derived based on the energy balance as follows:   
                      
  
3.13 
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where EV is the energy dissipation rate in the liquid motion (W), and ‘a’ is a constant, which 
characterises the yield stress and is defined as 
   
  
   
 
  
          
      
   
 
3.14 
where y is the yield stress (Pa),     is the average shear stress (Pa) and Usg is superficial gas 
velocity (m/s). 
Energy dissipation rate (EV) in the liquid motion shown in equation 3.13 is assumed to be 
equivalent to the power input (P) due to gas sparging. Energy dissipation rate at the gas-liquid 
interface is neglected in the energy balance. Derivations of equations 3.13 and 3.14 can be 
found in the published work of Kawase and Moo-Young (1989). Appendix C shows sample 
calculations involving the determination of NT in the gas sparging system. 
 
3.6  Electronic Resistance Tomography 
In addition to the flow visualisation technique, electrical resistance tomography (ERT) 
technique was also employed in this work to investigate the shape and the size of caverns 
formed in the model liquid. This technique has been used by many researchers to study the 
formation of caverns in the mixing of non-Newtonian fluids (Pakzad et al., 2008a, Pakzad et 
al., 2008b, Patel et al., 2013) . ERT is suitable for a wide range of research such as the 
investigation of mixing processes (Kim et al., 2006), study of solid-liquid filtration processes 
(Vlaev et al., 2000), monitoring the stability of reaction and dispersion states in 
polymerization reactor (Kaminoyama et al., 2005), performance study of a hydrocyclone 
(Williams et al., 1999), analysis of gas holdup in the bubble columns (Fransolet et al., 2005) 
and mixing study of solid-liquid system (Lucas et al., 1999, Ricard et al., 2005, Hosseini et 
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al., 2010). ERT is a non-intrusive and robust measurement technique which offers the 
opportunity to visualise the mixing of opaque fluids in a non-transparent vessel without 
disturbing the flow. ERT provides useful information such as concentration fields that allow 
the measurement of homogeneity and flow patterns inside the tank. Poor mixing regions in the 
opaque fluids can then be identified and eliminated. 
ERT system, from Industrial Tomography Systems (ITS), Manchester, UK, involves three key 
components, namely the sensor electrodes, the data acquisition system (DAS) and the image 
reconstruction system. A schematic diagram of the experimental setup involving ERT system 
used in this work is shown in Figure 3.10.  
 
 
Figure 3.10 - Schematic diagram of ERT system 
 
There were 4 tomographic sensor planes installed at intervals of 48 mm around the vessel 
external wall with the lowest plane at a height of 41 mm from the tank base. Each plane 
comprised 16 stainless steel electrodes, which were attached equidistantly at the perimeter of 
the mixing vessel. The electrodes make electrical contact with the fluid inside the vessel 
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without disturbing the fluid flow of the content. Each electrode was designed with a 
dimension of 5 mm height, 20 mm width and 1 mm thickness. The sensor electrodes were 
connected to the DAS via a network of cables terminating with connectors. 
DAS was responsible for the coordination of measurement protocol. Figure 3.11 shows the 
measurement strategy used in DAS by delivering AC current between two adjacent electrodes 
and measuring the resultant voltage difference between all other adjacent electrode pairs. The 
AC drive current was then switched to the next pair of electrodes and the voltage difference 
for the rest of the electrode pairs was measured. This procedure was continued for all possible 
electrode arrangements and a total number of 104 individual voltage measurements can be 
obtained for each plane with 16 sensor electrodes. The voltage difference measured by these 
electrode pairs represented the resistance distribution between the supply electrode pair and 
receiving pair. In this thesis, for the purpose of simplicity, these four sensor planes are 
designated as P1, P2, P3 and P4, respectively.  
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Figure 3.11 - Adjacent measurement protocol used for measuring conductivity 
distribution within the mixing vessel (Pakzad et al., 2008b) 
The DAS was connected to a computer equipped with ITS System p2+ v7.3 software (ITS, 
Manchester, UK) which was used for control, image reconstruction and data collection 
purposes. The software utilises a non-iterative image reconstruction algorithm - Linear Back 
Projection (LBP) to process the quantitative data collected by DAS. For each plane, raw 
voltage measurements were translated into a two dimensional conductivity map. Each 
conductivity tomogram represents the cross-sectional distribution of electrical conductivity of 
the contents within a measurement plane against an initial set of reference data. Each 
tomogram consists of a 20 × 20 square grid which produces 400 pixels in total. However, 
some of these pixels lie outside the circumference of the vessel as shown in Figure 3.12 and 
hence the image was formed using 316 pixels from the 400 pixels square grid. 
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Figure 3.12 - Image reconstruction grid for each tomogram (Pakzad et al., 2008b) 
For experiments using ERT technique, the mixing system was set up as described in Section 
3.4 but only using a circular vessel with sensor electrodes installed around its wall. Table 3.2 
shows the main specifications used in the DAS settings prior to the test. 
Table 3.2 - Specifications of DAS settings used 
Specification Value 
Sampling time interval 4000 ms 
Frequency 9600 Hz 
Injection current  17 mA 
Samples per frame 2 
Frame per download 1 
Delay cycles 20 
 
In ERT experiments, sodium chloride (NaCl) solution, which has a higher conductivity 
compared to XGKT solution, was used as the tracer. The tracer solution was prepared by 
dissolving 1 g NaCl in 20 ml XGKT solution. Before starting the measurement, a reference 
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frame was taken to eliminate the effect of the vessel internals such as impeller shaft and 
nozzle. Especially for the mechanical mixing system, an average reference frame produced 
from 20 reference state measurements was used. Reference state measurements were 
conducted with the impeller rotating inside the vessel. During the actual run, NaCl tracer was 
injected into the bulk XGKT solution near the impeller hub at the 10
th
 frame after starting the 
measurement. All mixing experiments with ERT were conducted for 2 hours and the data 
were acquired by DAS from all four planes of electrodes for the entire duration of the 
experiment. 
In this study, ERT experiments were carried out for all three types of mixing systems used. 
However, the experiments were carried out only for a constant specific power input of 8 
W/m
3 in all cases. The results from ERT measurements were validated using the results 
obtained from flow visualisation experiments. The results from these techniques can be 
compared by examining the fluid flow patterns, location of stagnant regions, the shape and the 
size of the mixed regions within the vessel. Such comparison will help to develop reliable 
experimental techniques for studying the formation of dead regions when opaque digested 
sludge is used as the working material.  
 
3.6.1 Measurement of cavern volume 
The variations in conductivity of the tank contents in the four measurement planes were 
represented by four conductivity tomograms, namely P1, P2, P3 and P4, as shown in  
Figure 3.13. This figure presents a set of typical tomographic images obtained from the data 
generated at four ERT measurement planes. Colours in tomograms illustrate the distribution 
of the salt tracer in each measurement plane. A range of colours is used to represent the 
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different conductivity levels. The dark blue represents the lowest conductivity while the red 
represents the highest conductivity. 
To obtain a vertical cross sectional view of the mixed volume, the four measurement planes 
were stacked to form a cylinder with P1 as the top plane, followed by P2, P3 and P4. The data 
for 2D tomograms were used to generate three dimensional (3D) images shown in Figure 3.14 
using Slicer-Dicer software (PIXOTEC, USA). The 3D tomogram in the vertical direction 
was constructed by linear interpolation of 2D data by Slicer-Dicer. Figure 3.14 shows the 
cross sectional image of the cavern which was obtained by slicing the image of the 3D 
cylindrical volume at the axis of the vessel. The image is shown with a range of colours with 
no clear discontinuity that would indicate the cavern boundary. The absence of clear cavern 
boundary made the measurement of cavern size difficult in this case. A threshold conductivity 
value is required to establish the cavern boundary which will help in determining the cavern 
volume.  
Since XGKT solution is a shear thinning liquid, its apparent viscosity decreases with 
increasing shear rate. For example, good mixing in the mechanical mixing system can be 
achieved system at plane P3 because the rotating impeller is located close to this plane. Based 
on this consideration, the minimum conductivity value at plane P3 was chosen as the arbitrary 
threshold value for determining the well mixed volume. Similar approaches were used in the 
cases of liquid jet recirculation and gas sparging systems also to determine the threshold 
conductivity value. However, in these cases, the well-mixed planes are assumed to be P4 and 
P1, respectively because these are the planes that experience the high shear rates in respective 
systems. 
Applying the threshold conductivity value to the conductivity map in Figure 3.14 led to the 
transformation of the 3D image with only two distinctive colours (blue and red regions) as 
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shown in Figure 3.15. In this image, the red region is the active mixing region (region with 
high salt content) with conductivity value above or equal to the threshold value whereas the 
blue region is the inactive region (region without low salt content) with conductivity value 
lower than the threshold value. The 2D image shown in Figure 3.16 was then extracted from 
the 3D image to compare it with the 2D image obtained from flow visualisation technique. 
This image represents the distribution of conductivity value (or the salt concentration) in the 
vertical plane at the vessel axis. The cavern diameter and height were determined from this 
image and used to calculate the cavern volume. It should be noted that cavern shapes were not 
the same in the three mixing systems used in this work. Appropriate cavern shape was 
assumed in each case depending on the appearance of caverns in 2D and 3D images. In all 
cases, the inactive volume was calculated by subtracting the cavern volume from the total 
liquid volume in the vessel. 
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Figure 3.13 – 2D Conductivity tomograms for four measurement planes 
 
 
Figure 3.14 - Vertical cross sectional view of cavern generated from 2D tomographic 
data  
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Figure 3.15 - Vertical cross sectional view of cavern with fixed threshold conductivity as 
the boundary between active and inactive mixing regions 
 
 
Figure 3.16 - 2D vertical cross sectional view extracted from 3D image 
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3.7  Experimental constraints 
A few experimental constraints were encountered in this work which may have led to some 
errors and uncertainties in measurements. This study involved the use of a model fluid to 
represent digested sludge in all experiments. It is difficult to select a model fluid that matches 
exactly the physical and rheological properties of digested sludge. It is also not practical to 
take all properties of digested sludge into consideration when selecting a suitable model fluid. 
Since the main focus of this study is fluid mixing and digester hydrodynamics, apparent 
viscosity was important for this work. Fluid behaviour within the digester is closely related to 
the shear rate generated which in turn significantly influences the apparent viscosity of the 
fluid. In this study, a low shear rate range was considered in the selection of the model fluid. 
Very low shear rates usually corresponds to regions with less fluid movement which leads to 
the formation of the stagnant regions. The model liquid chosen in this work may not be an 
exact simulant to the digested sludge throughout the digester because of the limited shear rate 
range used in this work in comparing the apparent viscosities of two fluids. 
Another major challenge encountered in this work was the measurement of inactive volume in 
flow visualisation experiments. The 2D images obtained in the flow visualisation technique 
represent the cross sectional view only at the axis of the cylindrical vessel. The images do not 
provide any information on fluid flow behaviour in front of or behind the centre plane. To 
estimate the volume of the active and inactive regions, the 3
rd
 dimension of the volume need 
to be assumed.  In this work, the shape of active and inactive regions was assumed to be 
symmetrical which allowed simplified estimation of volume of these regions. 
ERT is a robust technique to visualise the flow and fluid mixing patterns inside a mixing tank. 
However, there are a few limitations in the technique. The presence of a clear cavern 
boundary cannot be seen from the ERT measurements and thus an estimated threshold 
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conductivity value needs to be used to establish the cavern boundary. Since the threshold 
conductivity values used in this work were approximate, the calculation of inactive volume 
could involve errors and therefore the inactive volume determined in this work needs to be 
considered only as estimates. Secondly, the conductivity values between any two consecutive 
measurement planes were estimated by linear interpolation using Slicer Dicer software and 
used in the construction of 3D images. The shape of caverns generated by Slicer Dicer 
software can be a good approximation of the cavern volume. However, the measurement of 
the cavern volume was found to be a difficult task. In some cases, the cavern shape generated 
by Slicer Dicer software was irregular which made determining its volume challenging. In 
addition, the conductivity values in the region between the tank bottom and the bottom sensor 
plane were unknown. This region was assumed to be totally inactive in cavern volume 
calculations. Although this assumption was not accurate in all cases, it was used in all 
measurements for maintaining consistency. 
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CHAPTER 
  4.0
 
RESULTS AND DISCUSSION 
MIXING PERFORMANCE OF 
MECHANICAL MIXING SYSTEM 
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4.1  Introduction 
Mixing efficiency is one of the key parameters in judging the performance of anaerobic 
digesters. As the mixing efficiency of digesters cannot be measured accurately, understanding 
the mixing performance of digesters has proved to be difficult so far. In the absence of in-
depth knowledge of digester hydrodynamics, mixing systems were designed based on the 
energy input in digesters using the past experience of engineers, operators and manufacturers. 
In this study, the mixing performances of three different systems (mechanical mixing, liquid 
jet recirculation and gas sparging systems) were investigated.  Experimental results obtained 
for each system are presented in Chapters 4.0, 5.0 and 6.0, respectively. This chapter focuses 
on the experimental results obtained with the mechanical mixing system. 
There have been only a few studies in literature on anaerobic digesters equipped with 
mechanical mixing. These studies mainly focused on the effect of mixing on biogas 
production and sludge properties such as pH, total solids and volatile solids concentrations. 
Very few studies focused on the mixing efficiency. Due to the opaque nature of sludge, it is 
usually challenging to study the effectiveness of the mixing system using the real sludge. 
Therefore, some of the past studies used model fluids to represent the sludge for experimental 
purposes (Dawson et al., 2000, Marx et al., 2006, Cumiskey et al., 2003).  
As described in Chapter 3.0, a transparent model fluid - Xanthan gum Keltrol-T (XGKT) 
solution which possesses apparent viscosity similar to that of digested sludge was used in this 
work as the working fluid. This chapter compares the apparent viscosity data of digested 
sludge and the XGKT solution. XGKT solutions with different apparent viscosities (or 
different concentrations) were used to represent digested sludge with different solids 
concentration. This chapter also discusses the effects of apparent viscosity and the specific 
mixing power input on the mixing performance using the % inactive volume as a function of 
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dimensionless mixing time. These results are used to determine the optimum specific power 
input for mixing in each solution. Lastly, inactive volume results obtained from electrical 
resistance tomography (ERT) are compared to the results obtained from the flow visualisation 
method. 
 
4.2  Results and discussion 
4.2.1 Comparison of apparent viscosities of digested sludge and simulant 
The apparent viscosities of digested sludge containing 2.23 wt% solids and XGKT solutions 
with concentrations of 0.15, 0.225, 0.3 and 0.4 wt% XGKT are compared as a function of 
shear rate in Figure 4.1. It is clear that the apparent viscosities of all XGKT solutions and the 
digested sludge decrease with increasing shear rate indicating the shear thinning nature of 
these fluids. It can be seen that the apparent viscosity curve for the digested sludge is very 
close to that of 0.15 wt% XGKT solution. Therefore, this solution was chosen as the simulant 
for digested sludge with 2.23 wt% solids in this study. The XGKT solutions with higher 
concentrations are considered to represent the flow behaviour of sludge with higher solids 
concentration (or thickened sludge). 
Both digested sludge and XGKT solution were found to be viscoelastic non-Newtonian 
liquids with shear thinning behaviour and yield stress (Elson et al., 1982, Baudez et al., 2011). 
It is also found that their rheological behaviour is well described by the Herschel-Bulkley 
model. Apart from comparing the apparent viscosity values of digested sludge and XGKT 
solutions as shown in Figure 4.1, Herschel-Bulkley equation parameters were also determined 
for these solutions by curve fitting the raw data obtained from rheometer. Table 4.1 shows the 
summary of Herschel-Bulkley equation parameters namely, yield stress , n and k values for 
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four XGKT solutions and digested sludge. Herschel-Bulkley equation parameters for the 
digested sludge and 0.15 wt% XGKT solution are quite similar which confirms that 0.15 wt% 
XGKT solution is a good model fluid for our experimental investigation. Table 4.1 shows that 
yield stress value for XGKT solution increases with increasing XGKT concentration. It means 
that the higher shear stress values are required to initiate the fluid flow in thickened XGKT 
solutions.  The effect of yield stress on mixing is an important aspect to be considered in the 
design of digesters handling thickened sludge.  
 
 
Figure 4.1 - Comparison of apparent viscosities of 2.23 wt% digested sludge and XGKT 
solutions 
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Table 4.1 - Rheological properties of various concentrations of XGKT solutions 
Types of 
solution 
Concentration 
(wt%) 
Yield stress 
(Pa) 
Flow behaviour 
index, n 
Flow consistency 
index, k (Pa.s
n
) 
Digested sludge 2.23  0.497 0.538 0.214 
XGKT solution 
0.15  0.444 0.481 0.246 
0.225  0.979 0.466 0.344 
0.3  1.444 0.464 0.407 
0.4  1.648 0.421 0.733 
 
 
4.2.2 Effect of fluid apparent viscosity on mixing patterns 
Understanding the effect of the sludge rheology on mixing is the key to improve the overall 
performance of anaerobic digesters. In this work, a constant specific power input of 8 W/m
3 
was used to investigate the effect of rheology (or apparent viscosity) on mixing in the 
mechanically agitated system using XGKT solutions with concentrations of 0.15, 0.225, 0.3 
and 0.4 wt%. The effect of increasing apparent viscosity on the mixing pattern is shown in  
Figure 4.2 as a function of dimensionless mixing time (Ntm). It should be noted that Ntm also 
represents the number of impeller rotations. 
Figure 4.2 shows that the mixing pattern in 0.15 wt% XGKT solution is different from those 
for other solutions. In this case, the acid injected into the solution at Ntm = 0 leads to the 
formation of two segregated unmixed regions, seen as two green coloured regions, one above 
and one below the rotating impeller. These regions are often designated as ‘Isolated Mixing 
Regions or IMRs’ because they rotate independently without exchanging materials with the 
rest of the tank liquid. Although 0.15 wt% XGKT solution possesses a yield stress of 0.44 Pa, 
the shear stress generated by the impeller at 8 W/m
3
 is high enough to overcome the yield 
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stress of the solution and induce fluid flow. The liquid pumped by the impeller flows radially 
towards the vessel wall where it is split into two parts, one flowing upwards and the other 
flowing downwards. The fluid flow in the upper loop travels upwards towards the liquid 
surface along the vessel wall, changes direction to flow towards the tank centre from where it 
flows downwards towards the impeller. The flow in the lower loop travels towards the tank 
bottom along the vessel wall, changes direction to flow towards the tank centre from where it 
flows upwards towards the impeller. These two flow loops lead to the formation of two ring 
shaped segregated non-mixing regions (IMRs) shown in  
Figure 4.2. As the impeller mixing continues, the rings become smaller and disappear 
completely. The disappearance of green colour indicates that mixing is complete after 500 
impeller rotations (Ntm = 500).  
The flow patterns observed in XGKT solutions with higher concentrations (with higher 
apparent viscosities) are different from that observed for 0.15 wt% solution. In these cases, 
the acid injected at Ntm = 0 leads to the formation of well mixed colourless regions around the 
impeller. These kidneys-shaped regions  also called as ‘caverns’  are the well-mixed regions 
in which the fluid flow produced by impeller rotation is circulated. The green regions outside 
the caverns are stagnant regions, which are also called as ‘dead zones or inactive regions’. 
The presence of well mixed caverns around rotating impellers in the mixing of non-
Newtonian fluid has been reported by many researchers (Elson et al., 1986, Elson, 1990, 
Galindo and Nienow, 1992, Galindo and Nienow, 1993, Nienow and Elson, 1988, Solomon et 
al., 1981, Wichterle and Wein, 1981, Amanullah et al., 1998). The liquid outside the cavern is 
completely stagnant because the yield stress of the solution is greater than the shear stress due 
to liquid flow (Solomon et al., 1981). These dead zones are undesirable because they lead to 
poor mass and heat transfer and loss of vessel efficiency. Metzner and Taylor (1960) showed 
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that the fluid flow in the impeller region is in the turbulent regime because the fluid apparent 
viscosity in this region is lower due to the high shear rate induced by impeller rotation. As the 
shear rate decreases radially away from the rotating impeller, the fluid flow becomes laminar 
leading to a stagnant region near the tank wall. The cavern is generated because the shear 
stress due to the impeller generated fluid flow at the cavern boundary is not high enough to 
overcome the yield stress of the fluid. The cavern boundary represents the borderline where 
shear stress is equal to the yield stress of the fluid (Adams, 2009). As the yield stress increases 
with increasing concentration of XGKT solution, the cavern size becomes smaller.  
In the case of 0.225 wt% XGKT solution, green waves of fluid flow are observed within the 
cavern at Ntm = 0.  However these waves disappear after 2 minutes of mixing. This 
phenomenon of wavy flow within the cavern can be ascribed to the stretching and folding of 
the liquid which lead to the formation of thinner lamella which eventually leads to complete 
homogenisation within the cavern (Paul et al., 2004). The cavern formed in 0.225 wt% XGKT 
solution is larger than those in 0.3 and 0.4 wt% XGKT solutions which is clearly due to the 
low yield stress and apparent viscosity of 0.225 wt% solution. Based on the results shown in  
Figure 4.2, it can be stated that 0.225 wt% represents a transition concentration below which 
the fluid flow in the vessel involves the formation of IMRs and above which it involves the 
formation of caverns. The transition of the mixing pattern from IMRs to cavern occurs with 
increasing apparent viscosity of XGKT solution. This transition leads to the increase in the 
size of inactive regions. As the apparent viscosity of the fluid increases, the mixing efficiency 
decreases due to the increased size of inactive regions. If a similar mixing pattern is generated 
in thickened sludge in anaerobic digesters, the mixing will be ineffective leading to inefficient 
utilisation of digester volume. 
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0.15wt % 
XGKT solution 
(N=142 rpm)  
    
Ntm 0 120 360 500 
0.225wt % 
XGKT solution 
(N=136 rpm)   
    
Ntm 0 136 340 5440 
0.3wt % XGKT 
solution 
(N=135 rpm)   
    
Ntm 0 1350 6885 13500 
0.4wt % XGKT 
solution  
(N=134 rpm) 
    
Ntm 0 1430 6630 13000 
 
Figure 4.2 – Mixing patterns observed in XGKT solutions with different concentrations at a specific power input of 8 W/m3 
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4.2.3 Effect of specific power input on mixing performance 
Minimising the power consumption in anaerobic digester operation is one of the ways to 
reduce the operating costs. Therefore, it is important to determine an optimum specific power 
input that will ensure effective mixing and larger active volume in digesters. To determine 
the optimum specific power input, mixing experiments were carried out in the model digester 
using specific power input values ranging from 2.5 to 10.5 W/m
3
 in 0.15, 0.225, 0.3 and 0.4 
wt% XGKT solutions. The inactive volume at various Ntm values was measured from the 
video images and shown in Figure 4.3 as a normalised volume, which is % of the total liquid 
volume. The % inactive volume shown in Figure 4.3 (a) for 0.15 wt% solution was found by 
adding the volumes of upper and lower IMRs. The % inactive volume in Figure 4.3 (b) for 
0.225 wt% solution was determined by adding the volume outside the cavern and the volume 
of green colour regions inside the cavern, if they are present. The % inactive volumes in 
Figure 4.3 (c) and (d) were determined by measuring the volume of the cavern (colourless 
region) and subtracting it from the total liquid volume.  
At Ntm = 0, the inactive volume is 86, 74 and 71% of the total liquid volume for 3.5, 5, and 8 
W/m
3
, respectively in 0.15 wt% solution (Figure 4.3a). As mixing proceeds, IMRs are 
destroyed and homogenisation is achieved with all specific power inputs. In other words, the 
inactive volume becomes zero eventually for all the three specific power inputs. However, 
the disappearance of IMRs occurs at Ntm = 500 for 5 and 8 W/m
3
 and at Ntm = 2200 for 3.5 
W/m
3
.   
Similar observations were found by Dawson et al. (2000) when they investigated the effect of 
different mixing systems in model digesters. They conducted the experiments in laboratory 
and pilot scales where cylindrical vessels with diameters of 0.61 and 2.67 m were used. They 
used a downward pumping 45° pitched-blade turbine impeller in a mechanically assisted 
mixing system. Their experiments were conducted using specific power input values ranging 
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from 3.5 up to 8 W/m
3 
using 0.3 wt% Grade 7H4C sodium carboxymethylcellulose (CMC) 
solution which represents rheologically 2.5 wt% digested sludge. They found 100% active 
volume in the vessel in all cases, regardless of the specific power input used.  
From the results presented in Figure 4.3, it is clear that a threshold specific power input is 
required to achieve efficient mixing.  The threshold specific power input is defined in this 
study as the specific power input required for achieving the most efficient mixing 
performance. For 0.15 wt% XGKT solution, the threshold power input lies between 3.5 and 5 
W/m
3
. Mixing with a specific power input lower than the threshold power input will lead to 
undesirable outcomes such as a slower rate of destruction of inactive regions and the 
formation of larger stagnant regions especially in 0.4 wt% solution. On the other hand, using 
a specific power input higher than the threshold value does not help in reducing the inactive 
volume further. The extra energy delivered is used mainly in enhancing the liquid flow inside 
the active regions, not in destroying the stagnant regions. 
Figure 4.3(b) shows the rate at which the % inactive volume decreases in 0.225 wt% XGKT 
solution for four specific power inputs. The trend in which the rate of % inactive volume 
decreases with increasing Ntm is similar for all specific power inputs tested. The % inactive 
volume decreases fairly rapidly with increasing Ntm up to Ntm= 1000 and becomes nearly 
constant beyond that. This can be ascribed to the lower yield stress of this solution compared 
to that of 0.3 and 0.4 wt% XGKT solutions. The plateau stage at which the % inactive 
volume is constant is found for all specific power inputs. Approximately 5 to 7% of the 
inactive volume remains undestroyed in the plateau stage in each case. Since the inactive 
volume reduction rate is similar for all specific power input values, the threshold power input 
for mixing 0.225 wt% solution is considered to be less than or equal to 2.5 W/m
3
. 
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Figure 4.3(c) shows the rate at which the inactive volume decreases in 0.3 wt% XGKT 
solution for specific power inputs of 2.5, 3.5, 5, 8 and 10.5 W/m
3
. The trend in which the % 
inactive volume decreases for 2.5 W/m
3
 is different from those of other specific power inputs. 
Also the inactive volume reduction rate for 2.5 W/m
3
 is lower than those of other specific 
power inputs. For 2.5 W/m
3
, the % inactive volume decreases continuously from an initial 
value of 90% with increasing Ntm, reaches 40% and stays constant around that value. For all 
other specific power inputs, the % inactive volume decreases from an initial value of 90% 
with increasing Ntm but the final volume reaches a constant value of about 20%. Based on 
these results, the threshold specific power input is considered to lie between 2.5 and 3.5 
W/m
3
 for 0.3 wt% XGKT solution.  
Figure 4.3(d) shows that the rate at which the % inactive volume decreases in 0.4 wt% XGKT 
solution for specific power inputs of 5.8, 8 and 10.5 W/m
3
. For all specific power inputs, the % 
inactive volume decreases from an initial value of 90% with increasing Ntm and reaches a 
constant value. However the constant value varies with specific power input. The constant 
value is about 50% for 5.8 W/m
3
, whereas it is 29 and 23% in 8 and 10.5 W/m
3
, respectively. 
Hence, the threshold power input for 0.4 wt% XGKT solution is considered to lie between 
5.8 and 8 W/m
3
.  
In summary, the use of specific power input values recommended by the US EPA (5 to 8 
W/m
3
) led to 100% homogeneity in 0.15 wt% XGKT solution only. However, these specific 
power input values failed to achieve the same outcome for XGKT solutions with higher 
XGKT concentrations (or higher apparent viscosities). The reason is the formation of large 
inactive regions in the XGKT solution with higher concentrations. In addition, the above 
experimental results show the presence of a threshold power input for all XGKT solutions 
(Table 4.2). The threshold power input increases due to the increase in solution’s apparent 
viscosity with increasing XGKT concentration. The above results also emphasise the need for 
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using a threshold specific power input, especially for solutions with higher XGKT 
concentrations because it influences the rate at which the inactive volume is reduced. The 
results also show that a significantly large inactive volume remains undisturbed when a 
specific power input lower than the threshold power input is used. On the other hand, no 
significant change in the volume of inactive regions is found when mixing with specific 
power input higher than the threshold specific power input. These results confirm the 
importance of fluid rheology in designing the mechanical mixing system for anaerobic 
digesters.  
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Figure 4.3 - Reduction of inactive region volume in XGKT solutions at different power 
inputs: (a) 0.15, (b) 0.225, (c) 0.3 and (d) 0.4 wt% 
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Table 4.2 - Summary of threshold power input for XGKT solutions 
Types of solution Concentration (wt%) Threshold power input (W/m
3
) 
XGKT solution 
0.15 3.5 – 5 
0.225 ≤ 2.5 
0.3 2.5 – 3.5 
0.4 5.8 – 8 
 
4.2.4 ERT Results  
Electrical resistance tomography was also used in this study to determine the extent of 
inactive volume in XGKT solutions of different concentrations. The results obtained from 
ERT were validated using results from flow visualisation experiments. Data from ERT are 
usually presented in the form of two dimensional (2D) tomograms. As mentioned in Chapter 
3.0, these 2D tomograms were converted into three dimensional (3D) images using Slicer 
Dicer software (PIXOTEC, USA). The 3D images were then sliced in various cross-sections 
of the vessel to determine the mixing levels, the cavern (well-mixed region) volume and 
inactive volume. 
Figure 4.4 shows the 3D images constructed using Slicer Dicer software and the 2D 
tomograms obtained from ERT for planes P1 to P4 in a time series for 0.4wt% XGKT 
solution with a specific power input of 8W/m
3
. The colour map in 2D tomograms shows the 
distribution of salt concentration at four different planes (P1 to P4). The dark red region 
indicates higher salt concentration and dark blue region indicates lower salt concentration. On 
analysing the 3D images, it is found that there is no discontinuity in colours to indicate a clear 
boundary between the mixed and unmixed regions. A clear boundary is required to separate 
the well-mixed and inactive regions and measure their volumes. Therefore, the 3D images 
generated by the Slicer Dicer software were converted using a threshold conductivity value 
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into images containing two separate regions with red and blue colours. The images generated 
accordingly show clear cavern boundary ( 
Figure 4.4). The approach involved in selecting the threshold conductivity value to change 
the multi-coloured 3D image into a two-coloured 3D image is discussed in Section 3.6.1. In 
3D images shown in  
Figure 4.4, the red zone represents the region containing a higher salt (tracer) concentration 
(or high conductivity) and therefore represents the active mixing region. On the other hand, 
the blue zone represents the region containing a lower salt concentration (or low conductivity) 
and therefore represents the inactive mixing region. The two-colour 3D images shown in 
columns 2 to 4 of  
Figure 4.4 show clearly the caverns and the surrounding stagnant regions. The 3D images for 
plane P3 is nearly red from 20 minutes onwards up to 120 minutes indicating that the tracer 
(salt solution) is distributed uniformly in this plane. This is because the impeller was located 
near P3 and the tracer was injected near the impeller hub. It can be also seen that the cavern 
shape is fully developed within 20 minutes of mixing and does not change much even after 2 
hours of mixing. 
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Figure 4.4 - Tomography images obtained for mechanically agitated model digester with 0.4wt% XGKT solution, P/V = 8W/m
3 
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The results from the flow visualisation technique and ERT are compared in  
Figure 4.5 as a function of Ntm. The results from both methods show that the cavern size 
increases with an increase in Ntm. They also show that the stagnant regions outside the cavern 
remain undestroyed even after 16080 rotations in both cases. These results show clearly that 
cavern formation was successfully detected by ERT.  It is also clear that the location and the 
shape of the cavern determined by both techniques are similar. 
The % inactive volume obtained from flow visualisation and ERT techniques are shown in 
Figure 4.6 as a function of Ntm. Results from both techniques show the % inactive volume 
decreases with an increase in Ntm. However, the destruction rate is found to be different for 
these two techniques. The inactive volume, which is 90% of the total liquid volume initially, 
decreases and reaches 65 and 29% after 2 hours of mixing for ERT and flow visualisation 
techniques, respectively. The difference between these two results might be due to the error 
in selecting the appropriate threshold conductivity value for the cavern boundary 
determination while analysing the ERT results. The choice of a different threshold value 
could change the estimated cavern volume which in turn could affect the estimated value of 
the inactive region. Furthermore, there are other limitations in the ERT technique in 
determining the well-mixed and inactive volumes. The ERT measurements did not include 
the mixing that occurs in the region below the bottom sensor plane (P4). In this work, this 
region was assumed to be totally stagnant and therefore included as a part of the inactive 
volume.  This could have led to the larger inactive volume estimated for ERT technique 
compared to the flow visualisation. 
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(a) 
    
(b) 
    
 
Ntm = 0 Ntm = 4200 Ntm = 8040 Ntm = 16080 
 
Figure 4.5 - Two dimensional images of the mixing pattern inside a mechanically agitated model digester: (a) flow visualisation and (b) 
ERT experiments 
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Figure 4.6 - Reduction of inactive volume in a mechanically agitated model digester in 
0.4 wt% XGKT solution 
 
4.3  Conclusions 
In this study, Xanthan gum Keltrol-T (XGKT) solution was used as the simulant of digested 
sludge for experimental work. Rheological properties of digested sludge were investigated 
and compared to that of the simulant. A range of simulant concentrations was used in this 
study to represent sludge with different solids concentrations. The mixing performance of the 
mechanically agitated model digester was investigated using the simulant over a range of 
specific power inputs.   
The mixing pattern was found to vary with the concentration of the XGKT solution for a 
given specific power input. Homogeneous mixing could not be achieved in XGKT solutions 
with higher apparent viscosity and yield stress using the power input recommended in the 
design guidelines. Especially the relatively higher yield stress of XGKT solutions is proved to 
have a major effect on the hydraulic regime. This finding indicates that sludge, whose 
rheology is similar to that of XGKT solutions, is expected to exhibit similar hydrodynamics 
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in digesters. These results confirm that sludge rheology plays a vital role in digester 
operation. In addition, results from this work indicate that a threshold specific power input is 
required to achieve a certain level of mixing. The threshold specific power input increases 
with an increase in solution concentration or apparent viscosity. This finding implies that a 
relatively higher threshold power input will be required in the mixing of thickened sludge to 
achieve acceptable mixing performance that corresponds to a lower dead zone volume. Thus, 
it is clear that sludge rheology should be taken into account in developing operating 
guidelines for digesters, especially for those processing concentrated sludge. 
Electrical resistance tomography (ERT) is found to be another useful tool to visualise the 
mixing inside a vessel. ERT is able to show the presence of the cavern and unmixed regions 
inside the model digester. The shapes of the cavern determined by ERT and flow 
visualisation techniques are found to be similar. However, the inactive volumes obtained 
from ERT are found to be different from those from the flow visualisation technique due to 
the certain limitations of ERT. ERT overestimates the inactive volume in the mixing vessel. 
Inactive volume estimated using the ERT needs to be corrected using other measures because 
it might not be close to the true value. 
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5.1  Introduction 
This chapter focuses on the effect of liquid recirculation system on the mixing performance 
of the model digester. This chapter discusses the effect of apparent viscosity and specific 
power input on flow patterns generated and the mixing performance of the system. The effect 
of using different nozzle (or jet) arrangements is also discussed in this chapter. These results 
will be useful in selecting a suitable configuration among the various jet arrangements used 
for improving the digester mixing efficiency. Results obtained from both flow visualisation 
and electrical resistance tomography (ERT) methods are presented in this chapter. 
 
5.2  Results and discussion 
5.2.1 Effect of sludge rheology on mixing patterns 
Rheology effect on mixing in the liquid recirculation system was investigated with Xanthan 
gum Keltrol-T (XGKT) solutions with concentrations of 0.15 and 0.4 wt% using a specific 
power input of 8 W/m
3
. The results discussed in Section 4.2.2 show that the solution with 0.4 
wt% XGKT concentration leads to poor mixing compared to solutions with other 
concentrations. The results for XGKT solutions with 0.225 and 0.3 wt% concentrations 
exhibit only flow transformations rather than any definitive flow patterns. Thus, only XGKT 
solutions with 0.15 and 0.4 wt% concentrations were used in this part of the study.  
The mixing study of liquid recirculation system was carried out using four different nozzle 
arrangements. These arrangements are designated in this work based on the direction in 
which the liquid jets are produced from the nozzle. They are: vertical downward jet (Jet A), 
vertical upward jet (Jet B), tangential jet oriented at an angle of 45° flowing upwards (Jet C) 
and tangential jet oriented at angle of 45° flowing downwards (Jet D). The flow patterns in 
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the tank were found to be different depending on the jet direction and the apparent viscosity 
of the solution used. 
Figure 5.1 and  
Figure 5.2 illustrate the mixing patterns observed in 0.15 and 0.4 wt% XGKT solutions for 
the four jets as a function of NT, which is the number of liquid volume turnover. The equation 
used in the calculation of NT is shown in Section 3.5.2(b). It can be seen from  Figure 5.1 and  
Figure 5.2 that active mixing regions appear at NT = 0 once the acid solution is injected into 
the alkaline XGKT solution in the tank due to its discoloration. The mixed regions are 
colourless and unmixed regions remain as green coloured regions.  Figure 5.1(a) and Figure 
5.1(b) show that two separate active mixing zones are formed on both sides of the nozzle in 
0.15 wt% XGKT solution with Jets A and B at NT = 0. In the case of Jet A, the liquid 
emerging from the nozzle flows as a high speed jet at the centre of the tank, reaches the tank 
bottom where it splits into two parts, both parts then flow towards the tank wall and then 
upwards to complete two flow loops on both sides of the nozzle. In the case of Jet B, the 
liquid emerging from the nozzle flows towards the liquid surface where it splits into two 
parts, both parts then flow towards the tank wall and then downwards to complete two flow 
loops on both sides of the nozzle. The flow loops generated by Jet B is larger than those 
generated by Jet A. This can be probably ascribed to the energy loss occurred when the liquid 
flow generated by Jet A hits the tank bottom and changes flow direction twice, once at the 
tank bottom and then at the tank wall. Thus, the remaining energy content of the liquid flow 
is probably not enough to create large circulation loops.  
In the case of Jet C, the liquid flow emerging from the nozzle flows diagonally towards the 
liquid surface where it changes direction and flows downwards, hits the tank bottom and 
changes its direction again, and flows towards the nozzle to complete a flow loop. The flow 
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loop is found to occupy only the lower half of the vessel. The upper half of the vessel remains 
green in colour indicating that this region is poorly mixed. In the case of Jet D, the flow 
pattern observed is opposite of what is found with Jet C. In both cases, the lower half of the 
vessel contains the mixed region and the upper half contains the unmixed region. In 0.15 wt% 
XGKT solution, the mixed region occupies almost the entire liquid volume at NT = 18 
indicating the mixing is complete for all jets (A to D). 
In the case of 0.4 wt% XGKT solution at NT = 0, only a single cavern is observed for all jets ( 
Figure 5.2). With the increase in mixing time, the cavern size increase in all cases. At NT = 
36, the cavern is found to occupy the entire liquid volume for all jets except for Jet A. For Jet 
A, the liquid volume in the upper half of the vessel remains stagnant with green colour. This 
could be due to the energy loss that occurs when the liquid flow generated by this jet changes 
direction many times. The energy content remaining in the liquid flow is probably not enough 
to overcome the resistance due to high apparent viscosity of 0.4 wt% XGKT solution. This 
finding shows that high yield stress or apparent viscosity of 0.4 wt% XGKT solution leads to 
the formation of cavern and poses a significant barrier to its expansion. In a study on the jet 
flow of a yield pseudoplastic liquid, Shekarriz et al. (1995) reported that the shear rate in the 
jet experiences a reduction up to a point where the fluid becomes extremely viscous and stops 
the jet from flowing beyond that point. Shekarriz et al. concluded that the flow transition 
might be due to the presence of the yield stress of the liquid. Similar reason can be put 
forward in this study to explain the formation of cavern. In the initial stages of mixing, the 
liquid is forced to circulate within the cavern, whose size is determined by the extent of yield 
stress of the liquid. As the solution concentration increases, the yield stress also increases, 
thereby leading to the formation of smaller caverns. The liquid flow generated by the jet 
produces a circular fluid motion which encourages mixing only within the cavern. Regions 
outside the cavern, however, remain unmixed.  
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The shape of the mixed region is found to be greatly influenced by the location of the liquid 
withdrawal point. The liquid was withdrawn in liquid recirculation experiments using a 
straight tube whose suction end was located close to the tank bottom. The suction end can be 
seen in Figure 5.1 to Figure 5.3 at the bottom right corner of the tank. The effect of suction 
end location in 0.15 wt% XGKT solution could be seen immediately after acid injection 
(Figure 5.1).  Similarly, in the case of 0.4 wt% solution, the shape of the cavern is distorted 
due to this effect (Figure 5.3). The elongation of the cavern volume towards the bottom right 
corner is clearly due to the suction generated at the withdrawal point. The suction is 
generated by the peristaltic pump while withdrawing a constant amount of liquid from the 
tank and pumping it back through the nozzle generating the feed jet flow. The elongation of 
the cavern leads to the formation of distorted caverns as opposed to symmetrical caverns 
observed in the mechanical mixing of 0.4 wt % XGKT solution. The finding that the 
withdrawal point position affects the mixing patterns could be used in the design and 
operation of a full scale digester to prevent the settling of solids. If the withdrawal point for 
the sludge recirculation is located close to the digester bottom, it could lead to a flow pattern 
that will be disrupting the solid bed constantly at the digester floor by the sweeping motion of 
liquid flow, thereby preventing solids deposition. 
When compared to 0.15 wt% XGKT solution, longer mixing time is required in 0.4 wt% 
XGKT solution to achieve similar results for all jets. This can be attributed to the higher 
apparent viscosity of 0.4 wt% XGKT solution which resists the liquid flow, thereby leads to a 
shorter flow loop path compared to that in 0.15 wt% XGKT solution.  
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Figure 5.1 - Flow patterns observed in 0.15 wt% XGKT solution for different jets, P/V= 
8 W/m
3
 
 NT = 0 NT = 18 
(a) Jet A 
  
(b) Jet B 
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(d) Jet D 
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Figure 5.2 - Flow patterns observed in 0.4 wt% XGKT solution with different jets, P/V= 
8 W/m
3
 
 NT = 0 NT = 36 
(a) Jet A 
  
(b) Jet B 
  
(c) Jet C 
  
(d) Jet D 
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Figure 5.3 - Distortion of cavern observed in 0.4 wt% XGKT solution. (a) Jet A (b) Jet B 
(c) Jet C (d) Jet D 
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5.2.2 Effect of specific power input on mixing performance 
The effect of specific power input on inactive volume reduction in 0.15 and 0.4 wt% XGKT 
solutions are shown in  
Figure 5.4 and  
Figure 5.5, respectively for the four jets used in this study. The specific power input range 
varied from 3.5 to 10.5 W/m
3
. In general, the results shown in  
Figure 5.4 and  
Figure 5.5 indicate the effect of specific power input on inactive volume reduction is not 
significant for all jets. The results obtained with 3.5 W/m
3
, which is lower than the U.S. 
Environmental Protection Agency (US EPA) recommended specific power input values of 5 
– 8 W/m3, yields similar results to those observed with higher specific power input values. 
For a given jet, the trend in % inactive volume reduction curve and the final % inactive 
volume are similar regardless of the specific power inputs used. These results agree well with 
the findings of Dawson et al. (2000). They conducted a jet mixing study in a model anaerobic 
digester using 0.3 wt% of Grade 7H4C sodium carboxymethylcellulose (CMC) solution to 
simulate 2.5 wt% digested sludge. Experiments were conducted using specific power input 
values ranging from 2.2 to 18 W/m
3
. Their results showed that the active volumes of 90 and 
93% can be achieved with a vertical downward jet using 2.2 and 7.7 W/m
3
, respectively. 
Their results showed that there is no significant difference in the jet mixing performance for 
these two specific power input values.  
Based on the results obtained in this work, it is suggested to use the lowest specific power 
input of 3.5 W/m
3
 for liquid recirculation system. This will help in reducing energy usage and 
therefore operating costs. 
  
 
124 
 
 
 
 
 
0%
20%
40%
60%
80%
100%
0 10 20 30 40
V
o
lu
m
e 
o
f 
in
a
ct
iv
e 
re
g
io
n
s 
ex
p
re
ss
ed
 a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 
v
o
lu
m
e 
No. of turnovers, NT 
(a) 
3.5W/m3
5W/m3
8W/m3
10.5W/m3
0%
20%
40%
60%
80%
100%
0 10 20 30 40 50
V
o
lu
m
e 
o
f 
in
a
ct
iv
e 
re
g
io
n
s 
ex
p
re
ss
ed
 a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 
v
o
lu
m
e 
No. of turnovers, NT 
(b) 
3.5W/m3
5W/m3
8W/m3
10.5W/m3
  
 
125 
 
 
 
 
Figure 5.4 - % Inactive volume in 0.15 wt% XGKT solution for different specific power 
inputs. (a) Jet A (b) Jet B (c) Jet C (d) Jet D  
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Figure 5.5 - % Inactive volume in 0.4 wt% XGKT solution for different specific power 
inputs. (a) Jet A (b) Jet B (c) Jet C (d) Jet D  
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5.2.3 Effect of jet arrangement on mixing performance 
Jet arrangement plays a major role in determining the mixing performance of the liquid 
recirculation system. Jet orientation influences the mixing pattern as discussed in Section 
5.2.1 and thus the mixing performance. Effect of the jet arrangement on mixing pattern and 
performance is less significant in 0.15 wt% XGKT solution due to its lower apparent 
viscosity. Similar finding was reported by Dawson et al. (2000). They studied the mixing 
effect of two different jet orientations (vertical downward jet and tangential upward jet) on 
the % of active volume formed inside a model digester using 0.3 and 0.6 wt% CMC solutions. 
They reported only a slight difference in actively mixed volume for the two jets in 0.3 wt% 
CMC solution, but a significant difference in 0.6 wt% CMC solution. This was attributed to 
the easy and effective turnover of the low viscous liquid by the jets.  
In this study, achieving an active volume, which is equal to 95% of the total liquid volume 
(or 5% of inactive volume) is considered to be complete mixing. Figure 5.6 (a) summarises 
the final active volume achieved with the four jets using different specific power inputs. It is 
clear that complete mixing is achieved in 0.15 wt% XGKT solution for all four jets with 
inactive volume less than 5% in each case. A small % of inactive volume remains 
undisturbed in the case of Jet A (downward jet). On the other hand, the % inactive volume is 
nearly zero for Jets B, C and D. 
The effect of jet orientation on the final inactive volume is quite significant for 0.4 wt% 
XGKT solution (Figure 5.6b). It can be seen that Jet A (downward jet) is the most inefficient 
and it can lead to up to 40% final inactive volume. In contrast, other jets show better results 
with less than 10% final inactive volume. The inefficiency of Jet A can be explained by the 
flow pattern it produces which promotes liquid mixing at the bottom half of the tank as the 
liquid flows out from the nozzle. At the same time, the suction effect generated by the liquid 
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withdrawal point at the bottom of the tank also encourages liquid mixing at the bottom half of 
the vessel. Hence, no mixing occurs in the upper half of the vessel. On the other hand, other 
jets achieve good overall mixing because the liquid flows from the nozzle in these cases 
encourage active liquid mixing in the upper half of vessel, while the suction effect at the 
liquid withdrawal point encourages liquid flow at the bottom half. These results also agree 
with the results of Dawson et al. (2000) who reported that a tangential upward jet performed 
better than a vertical downward jet in the mixing of a thicker CMC solution.  
From these results, it is evident that an inappropriate jet location can easily lead to poor 
mixing performance, especially when mixing a high viscosity or concentrated liquid. It is also 
clear that downward jet is the most inefficient among the jet configurations used. The 
downward jet has led to poor mixing in both 0.15 and 0.4 wt% XGKT solutions. This implies 
that the jet location and orientation is highly important for sludge recirculation in digesters 
especially for those designed to handle thickened sludge. Therefore, it is not advisable to 
employ downward jet arrangement for digesters designed for processing sludge whose 
rheological behaviour is similar to that of 0.4 wt% XGKT solution.  
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Figure 5.6 – Final inactive volume in (a) 0.15 and (b) 0.4wt% XGKT solutions for 
various jets. 
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5.2.4 ERT Results 
Apart from the flow visualisation technique, ERT was also used to visualise the mixing flow 
pattern generated by liquid recirculation. Only downward jet located at mid-liquid height was 
used in the ERT investigation in 0.4 wt% XGKT solution. The downward jet at mid-liquid 
height was chosen for ERT experiments simply because the same position was also used in 
mechanical mixing and gas sparging.  
Figure 5.7 shows the 2D tomograms obtained from ERT measurement and the 3D images 
created by the Slicer Dicer software for a specific power input of 8W/m
3
. The 3D images 
provide a better view of the active and inactive mixing regions formed inside the vessel. 
The formation of the active mixing region (red region) is observed from 3D images obtained 
after 20 minutes onwards. The active mixing region is irregular in shape. As mixing 
progresses, the active region expands more towards the right side. This can be ascribed to the 
effect of liquid withdrawal point which is located at the bottom right corner of the image. The 
withdrawal point is located near the tank floor as shown in Figure 5.8. The liquid withdrawal 
leads to a higher fluid flow rate at the bottom right of the tank which ultimately enhances the 
mixing in this region. 
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Figure 5.7 - Tomography images obtained for model digester with liquid recirculation. 
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Figure 5.8 - Location of the liquid withdrawal in the model digester 
 
The 2D images obtained from flow visualisation and ERT techniques are compared in  
Figure 5.9. The shapes of the active mixing regions, which are colourless for flow 
visualisation and red for ERT techniques, are found to be different. Images from the flow 
visualisation technique show that the active region size increases gradually with an increase 
in mixing time. But, ERT results show that the mixed region expands significantly on the 
right side compared to the left. This is clearly due to the effect of liquid withdrawal location 
at the bottom right of the tank. While the effect of liquid withdrawal location is more 
noticeable in ERT results, it is not quite obvious in flow visualisation results. However, the 
results from both techniques show that the active region is present at the tank bottom and the 
inactive region is present in the upper section of the vessel. It is also seen that the inactive 
region remains undestroyed even after NT = 55.  
The values of the inactive region volume estimated from both flow visualisation and ERT 
methods are shown in Figure 5.10 as a function NT. In both cases, the inactive volume 
decreases with an increase in NT and reaches a steady value indicating that about 40% of the 
total liquid volume remain inactive even after about 2 hours of mixing. The trend in the 
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decrease of inactive volume is similar for both techniques. However, the final inactive 
volume estimated from ERT is slightly higher than that from the flow visualisation. 
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(a) 
    
(b) 
    
 
NT = 0 NT = 14 NT = 27 NT = 55 
 
Figure 5.9 - Two dimensional images of the mixing pattern inside the model digester with liquid recirculation: (a) flow visualisation (b) 
ERT experiments 
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Figure 5.10 - % Inactive volume in the model digester with liquid recirculation, 0.4 wt% 
XGKT solution. 
 
5.3  Conclusions 
Mixing performance using liquid recirculation was studied using four different nozzle 
arrangements (jets). The mixing patterns observed in 0.15 and 0.4 wt% XGKT solution under 
a constant specific power input were found to be different for the four jets studied. Complete 
mixing is achieved in low viscous 0.15 wt% XGKT solution for all jets. In contrast, the liquid 
flow in 0.4 wt% XGKT solution is restricted due to its higher yield stress, which 
consequently leads to the lower expansion rate of the active volume. Unlike the mechanical 
mixing system, mixing performance of liquid recirculation jets measured in terms of inactive 
volume reduction is similar for all specific power inputs used. Specific power input values 
above the US EPA guideline (10.5 W/m
3
) do not further improve the inactive volume 
reduction rate. Interestingly mixing with a specific power input below the US EPA guideline 
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3
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suitable only for sludge with low solids concentration. The specific power input values 
0%
20%
40%
60%
80%
100%
0 20 40 60
V
o
lu
m
e 
o
f 
in
a
ct
iv
e 
re
g
io
n
s 
ex
p
re
ss
ed
 a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 
v
o
lu
m
e 
No. of turnovers, NT  
ERT
Flow Visualisation
  
 
139 
recommended by the US EPA can still be used in the digestion of thicker sludge with 
rheological properties similar to those of 0.4 wt% XGKT solution. However, the mixing 
performance is dependent on the jet arrangement used. In other words, the design and 
location of jet arrangement need to be taken into account when designing digesters for 
handling sludge with high solids concentration. 
The active volume results obtained from ERT agree well with those from flow visualisation 
experiment. However the shapes of the active volume obtained from ERT do not match those 
from the flow visualisation technique. ERT technique is able to provide a fairly good 
estimation of the inactive volume reduction rate and the final inactive volume values obtained 
from the flow visualisation. In spite of the assumptions made in the analysis of results and the 
limitations of the ERT technique, acceptable results were obtained using ERT, which indicate 
that it can be a valuable tool to determine the inactive volume in digesters equipped with the 
sludge recirculation system. 
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6.1  Introduction 
This chapter discusses the mixing characteristics of a model digester involving compressed 
air sparging to simulate the bubbling effect due to biogas sparging. This chapter presents the 
changes in flow patterns observed due to the variation in fluid rheology and specific power 
input on the mixing performance of the gas-sparged system. Mixing patterns and the inactive 
volume results obtained using two different nozzle arrangements are also presented. The 
findings reported in this chapter will help in improving the digester mixing efficiency by 
choosing an optimum specific power input and a gas sparger design. This chapter also 
presents the results obtained using ERT technique which are validated using the results 
obtained using the flow visualisation technique. 
 
6.2  Results and discussion 
 Effect of sludge rheology on mixing patterns in the model digester 6.2.1
Mixing experiments were carried out using downward and upward gas sparging arrangements 
in this study. Both spargers were located at the centre of the tank at mid-liquid height 
position. The air was used as the gas phase and Xanthan gum Keltrol-T (XGKT) solution was 
used as the liquid phase. The images obtained from the flow visualisation method for these 
two spargers are shown in Figure 6.1. Figure 6.1 (a) and (b) show the images of final active 
volume in low viscous 0.15 wt% XGKT solution, whereas Figure 6.1 (c) and (d) show the 
images of the final active volume in high viscous 0.4 wt% XGKT solution. It can be seen 
from Figure 6.1 (a) and (b) that the active volume is equal to the whole liquid volume in 0.15 
wt% XGKT solution. However, in the case of 0.4 wt% XGKT solution, the formation of a 
confined mixed region known as ‘cavern’ is observed (Figure 6.1c and 1d). The cavern is 
  
 
142 
observed only in the upper region of the vessel, whereas the bottom section of the tank is 
totally stagnant.  
Flow patterns observed for both downward and upward gas sparging arrangements are 
similar. The air introduced into the solution leads to the formation of air bubbles which rose 
vertically in the centre of the vessel. A liquid recirculation motion is induced within the liquid 
as the bubbles move through the solution. When the bubbles reach the liquid surface, they 
burst in the form of hydraulic jump at the liquid surface dissipating a part of the pressure 
energy in the gas. This leads to the outward liquid motion towards the tank wall and then 
towards the tank bottom along the tank wall and then towards the centre of the tank. The 
energy is continuously dissipated as liquid flows outwards and travels along the tank wall 
down to a point where the energy left in the liquid flow is not enough to overcome the yield 
stress of the solution. It means the length of the downward liquid motion is determined by the 
yield stress and viscosity of the liquid. The liquid flows along this flow path up to a point 
where the solution is extremely viscous and then it is forced to flow towards the gas sparging 
nozzle. Mixing occurred within the cavern is mainly due to the liquid circulated within the 
cavern. Figure 6.1 shows clearly the influence of liquid apparent viscosity on the mixing 
performance. The active mixing region in the low viscous 0.15 wt% solution is significantly 
larger than that in the high viscous 0.4 wt% solution. The apparent viscosity of 0.15 wt% 
solution is lower than that of 0.4 wt% solution. So, the induced liquid flow is able to travel a 
longer path in 0.15 wt% solution compared to that in 0.4 wt% solution. On the other hand, the 
inactive region formed at the tank bottom, especially in 0.4 wt% solution, was found to 
remain undisturbed throughout the whole mixing process. These results suggest that sludge 
apparent viscosity needs to be taken into account in digester design, especially when sludge 
with high solids concentration is processed. 
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Figure 6.1 - Formation of well mixed region in (a and b) 0.15 and (c and d) 0.4 wt% 
XGKT solutions using (a and c) downward and (b and d) upward air sparging system at 
the specific power input of 8 W/m
3
 
  
(a) (b) 
(c) (d) 
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 Effect of specific power input on mixing performance of model digester 6.2.2
The effect of gas flow rate on inactive volume reduction was studied using four specific 
power input values (or four gas flow rates). The extent of mixing in the gas sparging system 
is expressed using number of liquid turnover, NT, the equation for which is shown in Section 
3.5.2(b). Sample calculations of determining the specific power input for a given gas flow 
rate and number of liquid turnover, NT, are shown in Appendix C.   
Figure 6.2 and Figure 6.3 show the inactive volume results as a function of NT for downward 
and upward gas spargers, respectively. These figures show the results for specific power 
input values ranging from 3.5 to 10.5 W/m
3
. It is clear from the results for both solutions that 
increasing specific power input has no significant effect in on inactive volume regardless of 
the specific power input used. These results suggest that a lower specific power input is 
sufficient to achieve the lowest possible inactive volume. Similar findings were reported by 
Karim et al. (2004) when they studied the effect of biogas recycling rate on the flow pattern 
inside a simulated digester. They used non-invasive techniques of computer automated 
radioactive particle tracking (CARPT) and computed tomography (CT) and discovered that 
the increasing gas circulation rate did not significantly reduce the dead volume inside the 
digester. 
Based on the current results, it can be suggested that the specific power input value of 3.5 
W/m
3
 is sufficient for mixing 0.15 wt% XGKT solution, which is rheologically similar to 
digested sludge with 2.2 wt% solids (Figure 6.2). Only a small percentage (less than 10%) of 
inactive volume remains unmixed when 3.5 W/m
3
 is used. Conversely, even the use of a 
range of specific power input values is not enough to achieve complete mixing in 0.4 wt% 
XGKT solution (Figure 6.3). Even with a specific power input of 10.5 W/m
3
, the final 
inactive volume is found to be around 20 and 31% for downward and upward spargers, 
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respectively. To achieve complete mixing, further improvements need to be employed in the 
gas sparger design.  
 
 
 
Figure 6.2 - Inactive volume reduction in (a) 0.15 and (b) 0.4 wt% XGKT solutions 
using downward sparging arrangement for four different specific power inputs 
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Figure 6.3 - Inactive volume reduction in (a) 0.15 and (b) 0.4 wt% XGKT solutions 
using upward sparging arrangement for four different specific power inputs 
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 Effect of jet arrangement on mixing performance of model digester 6.2.3
The % final inactive volume obtained for downward and upward spargers are shown in 
Figure 6.4 for 0.15 and 0.4 wt% XGKT solutions, respectively. Figure 6.4 (a) shows that 
nearly complete mixing is achieved in 0.15 wt% XGKT solution using the downward sparger 
whereas a considerable % of the total liquid volume remains inactive for the upward sparger. 
However, the influence of sparging arrangement on final inactive volume is more noticeable 
in 0.4 wt% solution compared to 0.15 wt% solution. It can be seen that the final inactive 
volume is greater than 30% in 0.4 wt% XGKT solution with the upward sparger for all 
specific power input values used. In contrast, the maximum final inactive volume for the 
downward sparger is about 23%. Figure 6.4 clearly shows that downward sparger is better 
than the upward sparger in minimising the inactive volume regardless of the apparent 
viscosity of the solution or the specific power input used. This might due to the effect of the 
column of bubbles released from the sparger climbing along the downward sparger thereby 
inducing a liquid flow, which travels in a defined flow circulation loop within the vessel and 
hence improving the overall mixing efficiency.  
Although the downward sparger leads to a larger final active volume compared to the upward 
sparger, complete mixing is not achieved in 0.4 wt% XGKT solution with either sparger. 
Therefore, more experiments were carried out in 0.4 wt% XGKT solution by varying the 
sparger clearance from the tank bottom. The additional sparger clearances used were ¼ and ¾ 
of the liquid height (H) from the tank bottom. The effect of sparger clearance can be seen 
from the flow visualisation results shown in Figure 6.5 and inactive volume versus NT plot 
shown in Figure 6.6. The flow visualisation images in Figure 6.5 show that the inactive 
volume is nearly 51% of the total liquid volume with a sparger clearance of ¾ H (Figure 6.6). 
Conversely, only a thin layer of inactive region is present in the system with a sparger 
clearance of ¼ H. The inactive volume in this case is estimated to be less than 5% of the total 
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liquid volume. These results show that the sparger clearance plays a significant role in 
determining the final inactive volume in gas sparging system. By varying the sparger 
clearance from ¾H to ½H, the final inactive volume is halved. The inactive region is nearly 
disappeared when the sparger clearance is changed from ½H to ¼H. It is clear that inactive 
volume decreases by decreasing the sparger clearance. Locating the sparger deeper into the 
tank allows the energy due to gas sparging to be delivered at a lower level inside the tank. 
This in turn allows the induced liquid flow to travel a longer flow path up to reach the liquid 
surface and return to the sparger. The larger flow circulation path was observed in this work 
when the sparger was positioned at ¼ H. In this case, the liquid was moving within the entire 
liquid volume and the bottom region was found to be continually disturbed by the induced 
liquid flow. 
Overall, the gas mixing system with the downward sparger produces lower inactive volume 
compared to the upward sparger. However, the downward sparger placed at ½H is not good 
enough to achieve a well-mixed condition in 0.4 wt% XGKT solution. Thus, a simple 
modification of lowering the sparger location yields better results in improving the mixing 
efficiency in 0.4 wt% XGKT solution. 
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Figure 6.4 - Steady state inactive volume in (a) 0.15 and (b) 0.4wt% XGKT solutions for 
two different of sparger arrangements 
0%
20%
40%
60%
80%
100%
Downward Upward
F
in
a
l 
in
a
ct
iv
e 
v
o
lu
m
e 
a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 v
o
lu
m
e 
Sparger Arrangement 
(a) 
3.5 W/m3
5 W/m3
8 W/m3
10.5 W/m3
0%
20%
40%
60%
80%
100%
Downward Upward
F
in
a
l 
in
a
ct
iv
e 
v
o
lu
m
e 
a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 v
o
lu
m
e
 
Sparger Arrangement 
(b) 
3.5 W/m3
5 W/m3
8 W/m3
10.5 W/m3
  
 
150 
 
Figure 6.5 – Formation of inactive regions in the air sparging system with the sparger 
located at (a) ¼ H, (b) ½ H and (c) ¾ H, P/V= 8 W/m
3
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Figure 6.6 - Reduction of inactive volume in 0.4 wt% XGKT solution for downward 
sparging arrangement, P/V= 8 W/m
3
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 ERT results  6.2.4
The ERT experiments were carried out using only the downward sparger located at mid-
liquid height for a specific power input value of 8 W/m
3
. Figure 6.7 shows the three 
dimensional (3D) images (Columns 2 to 4) constructed using Slicer Dicer software based on 
two dimensional (2D) tomograms (last column) obtained from ERT measurements. 
The 3D images show that the active mixing region appears once the mixing commences, 
increases in size with increasing mixing time, and occupies nearly a large volume of the 
vessel in 20 minutes. The experiment was commenced by injecting the salt solution (tracer) 
near plane P3. However, the 2D tomograms in Figure 6.7 show that a high conductivity 
region is also found in P4. It could be due to the diffusion of a fraction of the salt solution to 
the tank bottom during the tracer injection. The 3D images show at 20 minutes the presence 
of a small inactive mixing region inside the mixed region, which expands to become a larger 
volume as mixing progresses. 
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Figure 6.7 - Tomography images obtained for the model digester with gas sparging system 
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Figure 6.8 compares the images of the mixing flow patterns obtained from flow visualisation 
to 2D images obtained using ERT technique. These images show the active volume growth at 
the vertical plane at the centre of the tank. In both cases, the well-mixed, active region is 
found in the upper half of the vessel while the unmixed region is found in the bottom half of 
the vessel.  
In this system, the gas released from the nozzle flows upwards as a column around the 
sparger pipe. As it flows upwards, it induces a liquid flow, which also travels upwards 
towards the liquid surface, changes direction to flow towards the vessel wall, and then flows 
downwards along the vessel wall, and changes direction again to flow to the sparger.  This 
recirculating flow leads to the generation of the active mixing region in the upper half of the 
vessel. On comparing the flow visualisation and ERT images in Figure 6.8, it can be seen that 
the shape of the active volume from the flow visualisation does not match with that from 
ERT up to NT = 2227 (Figure 6.8). However, it should be noted that the ERT images may not 
represent the true conditions in the vessel because they are estimations of Slicer Dicer 
software. The mixing pattern between any two horizontal planes was interpolated by the 
software based on the ERT data for the two planes. The salt diffusion near the tank bottom is 
captured during the image generated by Slicer Dicer. However, it is interesting to see that the 
final shapes of the active volume at NT = 4455 for both techniques agree well with each other.  
The % inactive volume determined from the flow visualisation and 3D images from the ERT 
technique are shown in Figure 6.9 as a function of number of liquid turnover NT.  In both 
cases, the % inactive volume decreases initially with an increase in NT and then flattens.  The 
trends in % inactive volume curves for both techniques are similar up to NT = 3000. However, 
this is a misleading result because it contradicts the images observed in Figure 6.8. The red 
regions inside the vessel represent active mixing regions. However, the presence of the red 
region at the tank bottoms due to the salt diffusion is also counted as an active mixing region 
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in the estimation of % inactive volume in ERT. So, this leads to an inaccurate result for ERT 
in Figure 6.9 for NT < 3000. Above NT = 3000, the % inactive volume values estimated using 
ERT are greater than those obtained from the flow visualisation. Figure 6.9 shows that the % 
inactive volume estimated by ERT is approximately 51% at NT = 4455 whereas it is only 23% 
for the flow visualisation. Overestimation of the final inactive volume using ERT technique 
was also observed in the case of mechanically agitated model digester discussed in Section 
4.2.4. This difference could be probably due to the error in selecting the threshold 
conductivity value for the cavern boundary and the limitations of ERT technique as 
mentioned previously in Section 3.7.   
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(a) 
    
(b) 
    
 
NT = 0 NT = 1114 NT = 2227 NT = 4455 
 
Figure 6.8 – 2D images of the mixing pattern inside the model digester with gas sparging system: (a) flow visualisation (b) ERT 
experiments 
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Figure 6.9 - Reduction of inactive volume in the model digester with gas sparging 
system for 0.4 wt% XGKT solution 
 
6.3  Conclusions 
A model digester equipped with a gas sparging system was used in this study to investigate 
the mixing characteristics of digesters with biogas mixing using downward and upward 
sparging arrangements for specific power input value ranging from 3.5 to 10.5 W/m
3
.  The 
liquid flow patterns observed in both 0.15 and 0.4 wt% XGKT solutions are similar because 
the liquid flow was driven by the column of rising gas released from the nozzle. Mixing in 
0.15 wt% solution leads to nearly homogenous mixing, but it is incomplete in 0.4 wt% 
solution.  The mixed region in 0.4 wt% XGKT solution is confined to a smaller volume. An 
increase in specific power input from 3.5 to 10.5 W/m
3
 does not have any significant effect 
on inactive volume reduction in both solutions for both gas sparging arrangements. These 
results suggest that there is no need to operate the vessel at higher specific power input 
(higher gas flow rate) because it does not increase the active volume. Between the two gas 
sparging arrangements used, the downward gas sparging arrangement is better than the 
upward gas sparging arrangement in minimising the dead volume. The effect of sparger 
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arrangement on inactive volume minimisation is more noticeable in 0.4 wt% solution. In 
addition, locating the sparger at 1/4
th
 of the liquid height from the tank bottom increases the 
mixing efficiency by minimising the inactive regions formed at the tank bottom.  
ERT was also used to visualise the flow pattern inside the model digester in this system. ERT 
is able to identify the mixed and unmixed regions formed in the tank fairly well. The shape of 
the final active volume found from ERT technique agrees well with that from the flow 
visualisation technique. However, the final % inactive volumes estimated from these 
techniques are very different. Due to the constraints of ERT and the assumptions made in the 
threshold conductivity value in ERT volume estimation, the prediction of inactive volume 
using ERT is not accurate yet. These limitations due to these constraints need to be 
minimised to improve the accuracy of inactive volume estimation.  
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7.1  Introduction 
A thorough knowledge of the fluid flow patterns within the digester is required to design an 
efficient anaerobic digester. In addition, it is important to understand the effect of fluid 
properties, design parameters such as geometry, and operating conditions on flow patterns. In 
Chapters 4.0 to 6.0, the mixing performance of the model digester was investigated using 
three different mixing systems. The effects of liquid apparent viscosity, specific power input, 
and mixing arrangement on liquid flow pattern were examined to determine the extent of 
inactive volume formed in each case. This chapter discusses the development of 
computational fluid dynamics (CFD) models to simulate the fluid flow in the model digester 
and their validations using data obtained in flow visualisation experiments. 
CFD models are developed for the model digester with mechanical mixing and liquid 
recirculation mixing system only. A CFD model for the digester with the gas sparging system 
is not attempted in this study because the gas sparged system is a multiphase system and an 
in-depth knowledge of two-phase flow is required to perform the computer simulation in this 
case. Apart from this, relatively a longer computational time and high power computing are 
required for the simulation of gas-liquid flow in digesters. On the other hand, both 
mechanical mixing and liquid jet recirculation systems involve single phase systems and 
therefore their simulations are comparably less complicated. 
This chapter discusses the development of CFD models for digesters with mechanical mixing 
and liquid jet recirculation systems, and presents the results on velocity fields and flow 
patterns. 
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7.2  Background and methodology 
7.2.1  Theory 
The CFD models developed in this study were solved using the governing equations  namely, 
continuity and momentum equations. Both equations are solved using a laminar model where 
the working fluid is assumed to be incompressible. Both equations are described in tensor 
form as follows: 
The conservation of continuity is expressed as: 
 
   
        
7.1 
where   is the fluid density and   is the velocity component (  =1,2,3). 
The conservation of momentum (Navier-Stokes equation) is expressed as: 
 
   
  
    
  
   
      
7.2 
where   is the volume force which include gravitational force and other external forces,   is 
static pressure and   is the molecular viscosity of the fluid. 
On the other hand, the turbulence model is used for the simulation of fluid flow with high 
Reynolds number. Instabilities in velocity fields of turbulent flows cause the fluctuations of 
transport quantities such as momentum, energy and species concentration. In order to 
simulate these turbulent fluctuations in computationally less expensive way, modified 
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equations which contain additional unknown variables are solved instead of exact governing 
equations. So, turbulence model is used to determine these unknown variables.   
However, there is no single turbulence model that generally suits all sorts of problems. 
Various turbulence models are available in commercial CFD software FLUENT. The choice 
of a turbulence model depends on the application. General guidelines and the information on 
the capabilities and limitations of the turbulence models can be found in FLUENT manual.  
In this study, Reynolds number-Normalisation Group k-epsilon (RNG k-ε) turbulence model 
was used for turbulent flow simulation. This model involves Reynolds-averaged Navier-
Stokes (RANS) equations which govern the averaged flow of transported quantities, with the 
whole turbulence range of scales being modelled. Each of solution variables in RANS 
comprised of mean and fluctuating components. Thus, the time-averaged continuity and 
Navier-Stokes equations are shown in tensor form as follows: 
Conservation of mass (time-averaged) is expressed as: 
  ̅ 
   
   
7.3 
where  ̅ is time-averaged velocity. 
Conservation of momentum (time-averaged) is expressed as: 
 
  ̅ 
  
    
  ̅
   
    ̅   (
       ̅̅ ̅̅ ̅̅ ̅
   
) 
7.4 
where  ̅ is time-averaged pressure and    is the fluctuating velocity. 
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Other than time-averaged mass and momentum equations solved in k-ε model  two additional 
equations need to be solved to determine the turbulent kinetic energy (k) and energy 
dissipation rate (ε). Both k and ε are determined using the following transport equations: 
 
  
     
 
   
       
 
   
(      
  
   
)           
7.5 
and 
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7.6 
In these two equations,    represents the generation of turbulence kinetic energy due to the 
mean velocity gradients,    is the generation of turbulence kinetic energy due to 
buoyancy,   ,     and     are constants, and    and    are the inverse effective Prandtl 
numbers for   and  , respectively. Both   and   are then used to determine effective viscosity 
(    ). 
Further information on all the governing equations and their roles in FLUENT can be found 
in the FLUENT manual.  
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7.2.2  Geometry 
The mechanical mixing and liquid recirculation systems were modelled using GAMBIT® 
2.4.6 software package. All geometries are based on a cylindrical tank with an aspect ratio of 
1:1 where both the liquid height and tank diameter is equal to 0.19 m.   
Geometry 1 is the model for the mechanical mixing system and it involves a rotating impeller 
and stationary tank walls and floor. As a single domain cannot be applied in this case, the 
fluid domain has to be divided into two parts, namely rotating frame and stationary frame as 
shown in Figure 7.1. Rotating part, which comprises of rotating blades, rotates on the axis 
while the stationary parts, which contain tank walls and base, remain still. Techniques such as 
multiple reference frames (MRF) and sliding mesh (SM) have been used in the literature to 
model impeller rotation. These methods are able to capture the flow motion generated by the 
rotating impeller in a stationary vessel without the need for any empirical data (Brucato et al., 
1998, Deen et al., 2002). In this study, MRF method was chosen to run the simulation for this 
type of domain. The momentum equations in rotating and stationary frames were solved 
separately. Information was transferred steadily at the MRF interface as the simulation 
progressed.  
Since there are no moving parts within the tank in the liquid recirculation system, a single 
domain can be used for geometries in this system. The four different nozzle arrangements 
used for liquid recirculation were modelled using different geometries namely, Geometry 2a, 
2b, 2c and 2d (Figure 7.2). Both Geometry 2a and 2b consist a jet inlet positioned in the 
centre of the vessel, whereas Geometry 2c and Geometry 2d comprise a side inlet with an 
angle of 45º. Positions of jet inlet and withdrawal point were selected as per the experiment 
setup. 
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Figure 7.1 – Geometry 1 for mechanical mixing system as modelled in GAMBIT® 2.4.6 
 
 
Figure 7.2 - Tank geometries for the jet recirculation system: (a) Geometry 2a - vertical 
downward, (b) Geometry 2b - vertical upward, (c) Geometry 2c - 45˚ upward and (d) 
Geometry 2d - 45˚ downward 
Rotating 
frame 
Stationary 
frame 
(a) (b) 
(c) (d) 
  
 
168 
7.2.3  Meshing 
Dividing the fluid domain into discrete control volumes is known as mesh generation. The 
number of mesh elements generated in the computational domain and the mesh quality are 
important as they influence the accuracy of the CFD simulation results. Meshing was carried 
out using Gambit software (version 2.4.6), which is a pre-processor. All geometries 
constructed were meshed using the pre-processor. The mesh elements generated in the 
calculation domain were a combination of hexahedral and tetrahedral elements. The elements 
were fine enough to capture the flow details. Figure 7.3 shows that a higher density of refined 
cells was used on the impeller blades, impeller rotating zone and region near the jet inlet to 
capture the details of the boundary layer flow that changes rapidly in this region. By doing 
this, the accuracy of the simulation outcome can be maximised. The final three dimensional 
(3D) mesh for each fluid domain comprised less than 500,000 elements. All meshes were 
completed with the average value of the cell equisize skew, which is a measure of skewness 
which relates to the mesh quality, of less than 0.8.  
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Figure 7.3 - Mesh of (a) impeller blades, (b) impeller assisted mixing tank and (c) jet 
recirculation mixing vessel 
 
(a) 
(b) 
(c) 
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7.2.4  Boundary Conditions and Settings 
A density value and a viscosity function were required in the CFD simulation to define the 
working material (XGKT solution) used. The density of XGKT solution was assumed to be 
constant for the purpose of simulation and hence a single value was used. Densities of XGKT 
solutions with different concentrations are shown in Table 7.1. Since the viscosity of XGKT 
solution varies with the shear rate and shear stress, a function is required to describe the 
changes in viscosity. Rheological properties of XGKT solution can be described using 
Hershel-Bulkley model (refer to Section 4.2.1). However, the direct use of Hershel-Bulkley 
model for XGKT solution in CFD (FLUENT) simulations could lead to instability as the 
computation progresses (Ford et al., 2006). This is because the apparent viscosity of the 
Hershel-Bulkley fluid becomes infinite when the shear rate drops to zero. Hence, the Hershel-
Bulkley model in CFD (FLUENT) was modified to solve the numerical problem. A minimum 
shear rate value was specified in the model. The XGKT solution was assumed to be a very 
viscous fluid possessing a yielding viscosity (  ) at the minimum shear rate as shown in 
Equation 7.7. The minimum shear rate, which corresponds to the yielding viscosity, is also 
known as the critical shear rate ( ̇ ) and the corresponding shear stress ( ) is less than or 
equal to the yield stress (  ). As the shear rate increases and exceeds the critical shear rate, 
the yield stress of the fluid is overcome and the fluid behaviour obeys the power law model 
(Equation 7.8). 
        at       
7.7 
  
*    [ ̇
  (
  
  
)
 
]+
 ̇
  at             
7.8 
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where   is the apparent viscosity of the working liquid. In the present work, a yielding 
viscosity of 100 Pa.s was chosen for the simulation of XGKT solution. This is because 
significant difference in the simulated velocities can be observed when the yielding viscosity 
is less than 100 Pa.s, while yielding viscosity higher than 100 Pa.s does not give any 
significant impact on the simulated velocities. The corresponding critical shear rate and the 
rheological properties of XGKT solution (see Table 7.1) were used to define the solution 
prior to the simulation.  
Table 7.1 - Material properties of XGKT solution used in CFD (FLUENT) 
Concentration (wt %) 0.15 0.225 0.3 0.4 
Density (kg/m
3
) 997.9 998.0 998.2 998.8 
Yield stress (Pa) 0.444 0.979 1.444 1.648 
k (Pa.s
n
) 0.246 0.344 0.407 0.733 
n 0.481 0.466 0.464 0.421 
Critical shear rate (s
-1
) 0.0023 0.005 0.0074 0.0087 
 
7.2.5  Solution Scheme 
All simulations were run to predict the flow field in the mixing vessel using Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE). The use of the laminar model in the 
simulation of mechanical mixing is appropriate as all the mixing experiments were conducted 
under the laminar regime. Simulations for liquid recirculation system were also conducted 
using laminar model except for some cases where the jet Reynolds number is high (>1000). 
In such cases, simulations were carried out using RNG k-ε turbulence model with standard 
wall functions. The model constants were taken at their default values, which are   =0.0845, 
   =1.42 and     =1.68. Relaxation factors used in both laminar and RNG k- models are 
shown in Table 7.2.  
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Table 7.2 - Relaxation factors applied in laminar and turbulence models 
Relaxation factors Laminar model RNG k-ε turbulence model 
Pressure 0.3 0.3 
Density 1.0 1.0 
Body Forces 1.0 1.0 
Momentum 0.7 0.7 
Turbulent kinetic energy  - 0.8 
Turbulent dissipation rate - 0.8 
Turbulent viscosity - 1.0 
 
Convergence of the solution during simulation was monitored for continuity and momentum 
equations at scaled residuals of 1×10
-5
 and 1×10
-4
, respectively. For turbulence model, the 
convergence criteria for k and ε equations were set at scaled residuals of 1×10-3. 
 
7.2.6  Summary of CFD cases 
Table 7.3 and Table 7.4 show the summary of CFD simulations carried out in this work for 
mechanical mixing and liquid recirculation systems, respectively. In total, 47 simulations 
were carried out for this study. All geometries were modelled and meshes were generated 
using GAMBIT® 2.4.6 and numerical simulations of the 3D flow field were conducted using 
Fluent 14.0. The details and conditions used in developing the models are similar to those 
used in flow visualisation experiments described in Chapters 4.0 and 5.0. The cases 1 to 15 
shown in Table 7.3 are for simulations carried out for the mechanical mixing system. In these 
simulations, XGKT solutions with four different concentrations (0.15, 0.225, 0.3 and 0.4 
wt%) were used. Laminar model was used for all simulations. The cases 1 to 8 shown in 
Table 7.4 are for simulations that were carried out in the liquid recirculation system. In these 
simulations, XGKT solutions with only two concentrations (0.15 and 0.4 wt%) were used. 
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Turbulent model was used for liquid recirculation with the inlet Reynolds number (Rein) of 
1000 and above. These simulations were repeated for all four nozzles (jets). 
Table 7.3 - Summary of CFD simulations for mechanical agitated model digester 
Case no. Concentration of 
XGKT solution (wt%) 
Flow regime Specific power 
input (W/m
3
) 
Rein 
1 0.15 Laminar 3.8 93 
2 0.15 Laminar 5.5 109 
3 0.15 Laminar 8.0 137 
4 0.225 Laminar 2.6 63 
5 0.225 Laminar 3.5 74 
6 0.225 Laminar 5.3 86 
7 0.225 Laminar 8.0 107 
8 0.3 Laminar 2.3 48 
9 0.3 Laminar 3.3 59 
10 0.3 Laminar 5.3 71 
11 0.3 Laminar 8.0 81 
12 0.3 Laminar 9.8 87 
13 0.4 Laminar 5.8 45 
14 0.4 Laminar 8.0 55 
15 0.4 Laminar 10.5 67 
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Table 7.4 - Summary of CFD simulations for model digester with liquid recirculation 
system 
Case no. Concentration of 
XGKT solution (wt%) 
Flow regime Specific power 
input (W/m
3
) 
Rein 
1 0.15 Turbulent 3.5 1122 
2 0.15 Turbulent 5.0 1351 
3 0.15 Turbulent 8.0 1707 
4 0.15 Turbulent 10.5 1966 
5 0.4 Laminar 3.5 556 
6 0.4 Laminar 5.0 672 
7 0.4 Laminar 8.0 865 
8 0.4 Turbulent 10.5 1005 
 
7.3  Results and discussion 
7.3.1 Cavern boundary velocity 
It was shown in Chapter 4.0 that the flow patterns generated by the mixing system evolve as 
the mixing progresses. It was also seen that the flow patterns become apparent as soon as the 
acidic solution is introduced into the alkaline XGKT solution. For the purpose of validation 
of CFD simulation results, only final steady state images from flow visualisation experiments 
were used. These images were selected if the size of the cavern or inactive volume was found 
to remain constant with increasing mixing time. The inactive volume determined from the 
steady state image was compared with the results from flow visualisation technique for the 
purpose of validation.  
The size of the cavern estimated from CFD simulation is dependent on the cavern boundary 
velocity defined in the simulation. The cavern boundary velocity was determined for each 
simulation in each mixing system by adjusting the borderline velocity until the % volume of 
inactive regions from CFD simulation agrees with that obtained from flow visualisation 
experiments. To explain the significance of choosing the appropriate boundary velocity in 
CFD simulation, two dimensional (2D) images obtained from flow visualisation experiments 
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at steady state and CFD simulations are shown in Figure 7.4. The image in Figure 7.4(a) 
shows the presence of two distinctly different flow regions in which one of them is the 
colourless well mixed region formed around the impeller and the unmixed green region near 
the tank bottom and top. The image in Figure 7.4 (b) also shows two distinctly different flow 
regions. One of them is the well-mixed red zone in which the liquid velocity is higher than 
the cavern boundary velocity and the other is the inactive region outside the red zone in 
which the liquid velocity is lower than the cavern boundary velocity. The green regions in 
Figure 7.4(a) show that little or no mixing taking place in these zones and this phenomenon is 
confirmed by the low velocity region outside the red region shown in CFD simulation results. 
 
Figure 7.4 - Formation of active and inactive mixing regions (a) flow visualisation 
experiment (b) CFD results 
 
The cavern boundary velocity values used for various simulations in the present analysis are 
shown in   
(a) (b) 
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Table 7.5. The fluid velocity inside the cavern is considered to be greater than the boundary 
velocity whereas the fluid velocity outside the cavern is considered to be lower than the 
boundary velocity.  
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Table 7.5 – Cavern boundary velocities for XGKT solutions in mechanical mixing and 
liquid recirculation systems 
Concentration (wt%) 
Cavern boundary velocity (m/s) 
Mechanical mixing 
system 
Liquid recirculation 
mixing system 
0.15 1e
-06
 1e
-08
 
0.225 1e
-05
 - 
0.3 5e
-05
 - 
0.4 1e
-04
 6e
-06
 
 
7.3.2 Effect of fluid rheology 
7.3.2.1 Mechanical mixing system 
The two-dimensional velocity contours (maps) of fluid flow obtained from the CFD 
simulation of the mechanical mixing system are shown in Figure 7.5 for XGKT solutions 
with concentrations of 0.15, 0.225, 0.3 and 0.4 wt% solutions for 8 W/m
3
. The images shown 
in Figure 7.5 are final steady-state images. The red region represents well-mixed regime and 
those outside red regions represent inactive regimes. It can be seen that the 2D cross-sectional 
area of the active mixing region (red region) decreases with increasing XGKT solution 
concentration. The reason for this phenomena has been already explained in Chapter 4.0. As 
the concentration of XGKT solution increases  the solution’s yield stress and thus the 
apparent viscosity increases. Therefore, the shear stress induced by impeller rotation leads to 
the liquid flow up to a certain extent only thereby, circulating the liquid within the cavern 
only. It is clear that the change in solution rheology influences the mixing patterns 
significantly and therefore, impacts the mixing efficiency of the agitated system. 
The CFD simulation can also be used to generate a map of apparent viscosity of the working 
solution. The 2D map of apparent viscosity is shown in Figure 7.6 for XGKT solutions of all 
concentrations. As mentioned above, Herschel-Bulkley model, which captures the yield stress 
and power law behaviour of the solution, was used to define the rheology of XGKT solution.  
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In all cases shown in Figure 7.6, the blue region indicates the solution with the lowest 
apparent viscosity and red region indicates the region with the highest apparent viscosity. The 
regions with other colours indicate those with intermediate apparent viscosity. In all cases, 
the lowest apparent viscosity is found in the region around the impeller whereas the regions 
with the highest apparent viscosity are found either near the liquid surface or the tank floor. 
Also the regions with high apparent viscosity are larger in 0.4 wt% XGKT solution compared 
to those in 0.15 wt% XGKT solution.  
It has been shown in Chapter 4.0 that the rheological characteristics of XGKT solution obey 
Herchel-Bulkley law. It is a yield stress fluid with shear-thinning behaviour. When XGKT 
solution is subjected to shear stress, greater than its yield stress, its apparent viscosity 
decreases with increasing shear rate. It means that its apparent viscosity is low in high shear 
rate regions and high in low shear rate regions. In a mechanically agitated vessel, the 
apparent viscosity of XGKT solution increases in regions away from the impeller and reaches 
a yielding viscosity in regions with extremely low shear rate. There is very little or no shear 
beyond this point and the apparent viscosity is higher than the yielding viscosity in these 
regions, and hence these regions can be designated as dead regions.  
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Figure 7.5 - Velocity contours in (a) 0.15, (b) 0.225, (c) 0.3 and (d) 0.4 wt% XGKT 
solutions for the model digester using the mechanical mixing system 
 
 
(a) (b) 
(c) (d) 
  
 
180 
 
Figure 7.6 – Apparent viscosity maps (a) 0.15, (b) 0.225, (c) 0.3 and (d) 0.4 wt% XGKT 
solutions for the model digester using the mechanical mixing system 
 
The differences in flow patterns generated in XGKT solutions of different concentrations are 
reflected in the final volume of inactive regions (Figure 7.7).  The % volume of the inactive 
region was determined from CFD simulation results. The measurements were based on the 
number of cells in which the liquid flow velocity is equal to or less than the cavern boundary 
velocity. It is clearly seen that XGKT solution with higher apparent viscosity leads to the 
larger inactive zone. Therefore a modified mixing system or a new mixing approach is 
required to improve the mixing efficiency of a system with high apparent viscosity liquid. 
 
(a) (b) 
(c) (d) 
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Figure 7.7 – Final inactive region volume in XGKT solutions for the model digester 
using the mechanical mixing system 
 
7.3.2.2 Liquid jet recirculation system 
Liquid velocity contours obtained from CFD simulation for 0.15 and 0.4 wt% XGKT 
solutions are shown in Figure 7.8 for the case of liquid recirculation system. As was seen in 
the case of the mechanical mixing system, complete mixing is achieved in 0.15 wt% XGKT 
solution and no dead region (blue region) is found (Figure 7.8a, 7.8c, 7.8e, and 7.8g). Also, 
no effect of nozzle orientation on flow pattern is found from these figures. Figure 7.8b, 7.8d, 
7.8f, and 7.8h show the effect of nozzle orientation on the inactive volume formed in 0.4 wt% 
XGKT solution. All these figures show the presence of caverns (red region). However the 
size of the cavern varies with nozzle arrangement. In the case of Jet A (downward jet), a large 
inactive volume is found in the upper part of the tank near the liquid surface. However, in 
cases of other nozzle arrangements, the inactive volume (non-red regions) is considerably 
smaller than that found in jet A and it is found in smaller sizes at the corners of the vessel.  
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Figure 7.9 shows the apparent viscosity maps within the model digester for 0.15 and 0.4 wt% 
XGKT solutions. The apparent viscosity is lowest near the jet inlet and the region where the 
liquid flow is generated by the jet.  Conversely, the apparent viscosity is the highest in 
regions at the corners of the vessel. In the case of downward jet (Jet A), the apparent 
viscosity is higher also in the upper part of the tank. The low viscosity region (indicated by 
the blue region) is non-axisymmetric with respect to the jet axis, especially in 0.4 wt% 
solution for all jets. This is mainly due to the suction effect caused at the liquid withdrawal 
point located at the bottom right corner of the tank. These results show that liquid withdrawal 
plays a significant role in determining the size of regions with a high shear rate which 
ultimately influences the overall mixing efficiency. 
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Figure 7.8 - Velocity contours for 0.15 wt% (a, c, e and g) and 0.4 wt% (b, d, f and h) 
XGKT solutions in model digesters using the liquid recirculation system at a specific 
power input of 8 W/m
3
. 
(a) Jet A 
(a)  
(b) Jet A 
(c) Jet B 
(a) Je
(d) Jet B 
(f) Jet C 
(g) Jet D 
Jet A 
(h) Jet D 
(e) Jet C 
Jet A 
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Figure 7.9 - Apparent viscosity for 0.15 wt% (a, c, e and g) and 0.4 wt% (b, d, f and h) 
XGKT solutions in model digesters with the liquid recirculation system at a specific 
power input of 8 W/m
3
. 
  
(a) Jet A (b) Jet A 
  
(c) Jet B (d) Jet B 
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The results of the fluid viscosity effect on the digester mixing efficiency are shown also in 
Figure 7.10. The effect is negligible in the case of solution with low apparent viscosity (0.15 
wt% solution). Overall, it can be seen that the size of inactive volume increases with 
increasing apparent viscosity regardless of the nozzle arrangement used. The system that is 
most affected due to the change in fluid apparent viscosity is the one equipped with the 
downward nozzle or Jet A (refer to Figure 7.8). The final inactive volume in this case is 
found to be 29% of the total liquid volume in the tank. On the other hand, the final inactive 
volumes with Jets B, C and D are found to be 11, 7 and 9%, respectively. These results 
suggest that sharp corners should be avoided in the design of digesters used in the processing 
of fluid with high apparent viscosity because dead zones tend to form at the corners. 
 
Figure 7.10 – Final inactive region volume in XGKT solutions for model digester using 
the liquid recirculation system. 
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7.3.3 Effect of specific power input 
7.3.3.1 Mechanical mixing system 
To study the effect of specific power input on the mixing performance, additional CFD 
simulations were carried out for specific power input ranging from 2.3 to 10.5 W/m
3
 for 
mechanical mixing and liquid recirculation systems. The effect of specific power input was 
investigated using XGKT solutions with various concentrations.  
Figure 7.11 shows the % of the final inactive volume as a function of specific power input for 
the mechanical mixing system. The increase in specific power input has the greatest effect in 
the case of 0.3 wt% XGKT solution, where the final inactive volume decreases from 32 to 
24% when the specific power input changes from 2.3 to 3.3 W/m
3
. Further increase in 
specific power input does not show any significant reduction of final inactive volume. In the 
case of other solutions, the final inactive volume does not change significantly with 
increasing specific power input. The presence of a threshold specific power input is found 
only for 0.3 wt% XGKT solution and it is estimated to be between 2.3 and 3.3 W/m
3
. This 
phenomenon is most likely due to the yield stress and shear thinning behaviour of the 0.3 
wt% XGKT solution. The shear induced by the impeller overcomes the yield stress of the 
solution and it is also responsible for the thinning effect of the sheared liquid.  
Figure 7.12 shows the apparent viscosity map of 0.3 wt% XGKT solution for specific power 
input ranging from 2.3 to 9.8 W/m
3
. For specific power input less than the threshold value 
(approximately 3.3 W/m
3
), the energy input through impeller rotation is mainly used to 
overcome the yield stress and hence the cavern size increases significantly. However, when 
the specific power input exceeds the threshold value, the cavern stops expanding and the size 
of the cavern remains more or less the same. This is because the energy delivered also 
contributes to the shear thinning of the solution in addition to the expansion of the cavern. So, 
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the shear rate inside the cavern increases when a higher specific power input is used. In other 
words, a further increase in higher specific power input will not lead to a reduction of 
inactive volume, but will lead to a decrease in fluid viscosity inside the cavern while retaining 
the cavern size.  
 
 
Figure 7.11 - Steady state inactive volume obtained in the mechanical mixing system as 
a function of specific power input. 
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Figure 7.12 - Apparent viscosity for 0.3 wt% XGKT solution at various specific power inputs (a) 2.3 (b) 3.3 (c) 5.3 (d) 8 (e) 9.8 W/m
3
(a) (b) (c) 
(d) (e) 
  
 
189 
7.3.3.2 Liquid jet recirculation system 
The effect of specific power input on the mixing efficiency was studied computationally for 
liquid recirculation system using specific power inputs of 3.5, 5, 8 and 10.5 W/m
3
 which are 
equivalent to liquid flow velocities of 1.1, 1.24, 1.45 and 1.59 m/s. Figure 7.13 and Figure 
7.14 show the % final inactive volume as a function of specific power input in 0.15 and 0.4 
wt% XGKT solutions respectively. In the case of 0.15 wt% solution, the change in liquid 
flow rate has no significant effect on the mixing performance regardless of the nozzle 
arrangement. This is because the energy dissipated by the liquid flow is more than sufficient 
to overcome the yield stress of the solution.  
The results for 0.4 wt% solution are similar for all jets except that for Jet A (downward 
nozzle). In Jet A, the final inactive volume decreases with increasing specific power input 
(liquid flow rate) although the flow pattern does not change significantly. The change of 
specific power input from 3.5 to 10.5 W/m
3
 leads to 12% reduction in % inactive volume for 
Jet A. For other jets (Jets B, C and D), the degree of mixing does not change remarkably with 
increasing specific power input. It is clear that the effect of  specific power input is not the 
same for different jets in 0.4 wt% solution. These findings suggest that the mixing 
performance in a liquid circulation system is dependent upon specific power input as well as 
the nozzle arrangement. More results on the effect of jet arrangement on the mixing 
efficiency are presented in Section 7.3.4. 
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Figure 7.13 – Final inactive volume in 0.15 wt% XGKT solution for model digesters 
using liquid recirculation mixing system 
  
 
Figure 7.14 – Final inactive volume in 0.4 wt% XGKT solution for model digesters 
using liquid recirculation mixing system 
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7.3.4 Effect of jet arrangements 
While the % final inactive volume results for all jet arrangements are similar for 0.15 wt% 
XGKT solution (Figure 7.13), they are different for 0.4 wt% XGKT solution. The % final 
inactive volume results for Jets B, C and D are different from those for Jet A (Figure 7.14). 
These results show that the effect of the jet arrangement on the mixing performance is 
dependent upon solution’s apparent viscosity. This difference can be explained using flow 
patterns for different jets shown in velocity vector plots for a constant specific power input of 
8 W/m
3
 (Figure 7.15 to Figure 7.18). These plots show that the liquid flow delivered from the 
nozzle in 0.15 wt% XGKT solution has a conical shape regardless of the nozzle orientation. 
The liquid jet flows freely within the vessel due to the solution’s low apparent viscosity. On 
the other hand, the liquid flows in a narrower region in 0.4 wt% XGKT solution due to 
solution’s higher yield stress. Also, the shear rate at the jet’s surface is not high enough to 
generate a wider flow path. These results suggest strongly that the mixing effectiveness of a 
jet in a high viscosity solution depends greatly on the flow patterns induced in the vessel.  
Figure 7.16 (b) and Figure 7.17 (b) show that induced mixing patterns in 0.4 wt% XGKT 
solution are distorted at the bottom right corner where the liquid withdrawal point is located. 
Similar mixing patterns are also shown in Figure 7.9 (d) and (f) where the flow pattern near 
the liquid withdrawal point is distorted due to the suction effect created by the pump. So, in 
these cases, the solution at the tank bottom is actively mixed due to the suction effect, 
whereas the solution in the tank upper region is mixed due to the liquid delivered as a jet.  
In the case of Jet D (45° downward nozzle),  the fluid flow has lower velocity vectors in the 
upper right region (Figure 7.18 (a) and (b)). This could be due to the effect of liquid 
withdrawal at the tank bottom. Because a fraction of the liquid leaves the tank continuously, 
only a small fraction of the liquid manages to complete a full circulation within the tank. 
Despite this, the liquid delivered from Jet D takes the shape of a wider and longer flow 
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structure (Figure 7.18b) compared to that generated by Jet A (Figure 7.15b). In addition, the 
liquid flow for Jet D travels tangentially from upper left region to bottom right region across 
the liquid volume, thereby travelling a long distance within the vessel. Therefore, Jet D is 
able to achieve better mixing compared to Jet A especially in the upper region with lower 
mixing intensity. In summary, the digester mixing performance depends on how the liquid 
flow is distributed throughout the whole tank.  
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Figure 7.15 - Velocity field computed for downward pumping jet arrangement in (a) 
0.15 (b) 0.4 wt% XGKT solutions 
(a) 
(b) 
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Figure 7.16 - Velocity field computed for upward pumping jet arrangement in (a) 0.15 
(b) 0.4 wt% XGKT solutions 
(a) 
(b) 
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Figure 7.17 - Velocity field computed for 45˚ upward pumping jet arrangement in (a) 
0.15 (b) 0.4 wt% XGKT solutions 
(a) 
(b) 
  
 
196 
 
Figure 7.18 - Velocity field computed for 45˚ downward pumping jet arrangement in (a) 
0.15 (b) 0.4 wt% XGKT solutions 
 
 
 
(a) 
(b) 
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7.4  Comparison of CFD results to flow visualisation experiments 
7.4.1 Mechanical mixing system 
Figure 7.19 shows the final images of the active volume in the model digester obtained from 
flow visualisation experiments and CFD simulations for a specific power input of 8 W/m
3
. 
Also, the % final steady inactive volume is compared as a function of specific power input in 
Figure 7.20. Figure 7.19 shows that the CFD models simulate the actual liquid flow patterns 
closely. Figure 7.20 shows that the % final inactive volume determined from CFD simulation 
agrees well for all cases except at lowest specific power input values in 0.3 and 0.4 wt% 
solutions (Figure 7.20 (c) and (d)).  In these two cases, mixing was carried out with the 
specific power input values lower than the threshold value. Although the presence of 
threshold specific power input is found for 0.3 wt% XGKT solution both from experimental 
work and CFD simulation, it could not be found for 0.4 wt% XGKT solution. Due to this 
reason, the simulation results are found to be different from the experimental data. The 
inactive volume in 0.4 wt% XGKT solution at 5.8 W/m
3
 is found to be 54 and 30% from 
experimental and CFD simulation results, respectively. This finding indicates that the CFD 
simulation underestimates the inactive volume greatly, especially when the specific power 
input is lower than the threshold value. For runs with the specific power input values above 
the threshold value, the CFD simulation results agree well with the experimental results. 
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Concentration (a) Experimental (b) CFD 
0.15 wt% 
  
0.225 wt% 
  
0.3 wt% 
  
0.4 wt% 
  
 
Figure 7.19 - Flow patterns in XGKT solution with different apparent viscosities in the 
mechanical mixing system: (a) Experimental results (b) CFD simulations 
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(c) 
 
 
(d) 
 
Figure 7.20 – Experimental and computed steady state inactive volume in the 
mechanical mixing system for (a) 0.15 wt%, (b) 0.225 wt%, (c) 0.3 wt% (d) 0.4 wt% 
XGKT solutions. 
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7.4.2 Liquid jet recirculation system 
The 2D images obtained from flow visualisation experiments and CFD simulations in 0.15 
and 0.4 wt% XGKT solutions at 8 W/m
3
 are shown in Figure 7.21 and Figure 7.22, 
respectively for liquid recirculation. The velocity contour maps obtained for 0.15 wt% XGKT 
solution from CFD simulation agree well with the experimental results (Figure 7.21). In this 
case, the liquid velocity at all locations in the vessel is greater than the cavern boundary 
velocity. Figure 7.22 shows that the shape of the cavern observed from velocity contour maps 
for 0.4 wt% XGKT solution is similar to that observed experimentally for all nozzle 
arrangements. The only exception is for the downward nozzle (Jet A) in which the cross 
sectional area of the active mixing region is slightly overestimated by CFD simulation.  
Figure 7.23 compares the % inactive volume results obtained from experimental work and 
CFD simulation in 0.4 wt% XGKT solution. For Jet A, the CFD simulation underestimates 
the % inactive volume for all specific power inputs. However, the CFD simulation results are 
very close to the experimental values for other jets. 
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Jet arrangement (a) Experimental (b) CFD 
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Figure 7.21 - Flow patterns in 0.15 wt% XGKT solution in liquid recirculation mixing 
system: (a) Experimental results (b) CFD simulations 
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Jet arrangement Experimental CFD 
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Figure 7.22 - Flow patterns in 0.4 wt% XGKT solution in liquid recirculation mixing 
system: (a) Experimental results (b) CFD simulations  
. 
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(c) 
 
 
(d) 
 
Figure 7.23 - Comparison of final inactive volume results obtained experimentally and 
numerically in liquid recirculation mixing system: (a) downward (Jet A), (b) upward 
pumping (Jet B), (c) 45 upward (Jet C) (d) 45 downward (Jet D) arrangements 
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7.5  Conclusions 
CFD models were developed to simulate the flow behaviour of 0.15 and 0.4 wt% XGKT 
solutions for mechanical mixing and liquid recirculation systems. A majority of CFD 
simulation results agreed well with those obtained from the experimental work. Overall, CFD 
simulation results show that the mixing effectiveness of a model digester depends on the flow 
patterns generated by the mixing system. Flow patterns induced in the liquid are affected by 
the viscosity of the solution. CFD simulation successfully predicts the flow patterns in XGKT 
solutions, especially the formation of caverns in solutions with higher apparent viscosity. 
Unfortunately, the presence of a threshold power input could not be predicted from CFD 
simulations for the mechanical mixing system. Experimental and CFD simulation results 
agree well only for mechanical mixing systems that were operated at specific power input 
values greater than the threshold value. Both experimental and CFD results show that specific 
power input higher than the threshold value does not help in further reducing the inactive 
volume. 
 
For the liquid recirculation system, CFD simulation predicts the shape and volume of inactive 
regions fairly well in all cases except for Jet A in 0.4 wt% XGKT solution. Although the 
shape of the cavern is predicted well by CFD simulation for Jet A, the cavern volume is 
slightly overestimated. Similar to experimental results, the change in specific power input is 
found to affect the mixing performance of Jet A only, which is the least efficient liquid 
circulation jets used. The liquid flow rate has no significant effect on the mixing performance 
of other jets studied. This work shows clearly that, in addition to the solution rheology, the jet 
arrangement also plays an important role in determining flow patterns in liquid recirculation 
systems. In some cases, the liquid withdrawal location plays a significant role in disturbing 
the flow patterns. Withdrawing liquid from the tank bottom encourages active mixing at the 
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tank floor, which suggests that the liquid sweeping effect can help in preventing solids 
settling at the tank bottom. Both experimental and simulation results show that mixing with 
the downward nozzle does not achieve good mixing for the high viscosity solution, whereas 
the other nozzle arrangements improve the mixing performance significantly in both 
solutions studied. 
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8.1  Introduction 
In wastewater treatment plants, it is desired to operate anaerobic digesters at an optimum 
condition at which both good mixing and minimum energy consumption can be achieved. 
However, this is a challenging task for the industry, especially when thickened sludge is to be 
processed in digesters. This is because digester mixing has not been widely studied in the past 
and detailed knowledge of digester hydrodynamics is not available in the literature. So far, 
anaerobic digesters are usually designed and operated based on the past experience of design 
engineers and operators.  
This study investigates the mixing performance of mechanical mixing, pumped liquid 
recirculation and gas mixing systems in a laboratory scale model anaerobic digester. This 
chapter aims to compare the mixing performance of these three methods so as to identify the 
optimum mixing system for anaerobic digesters. For the purpose of comparison, selected 
results obtained with the mechanical mixing system are compared with those obtained with 
liquid recirculation and gas sparging systems, especially those with downward nozzles 
located at the centre of the tank at mid-liquid height. The main reason for selecting downward 
nozzle configuration for the liquid recirculation system is because the nozzle is located at mid 
liquid height at the axis of the vessel. Although downward nozzle system shows the worst 
mixing performance (as shown in Chapters 5.0 and 7.0), it is selected merely for the sake 
comparison because this enables the identification of the optimum mixing system even for 
the worst case scenario. 
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8.2  Discussion 
8.2.1 Importance of sludge rheology on the selection of mixing system 
The changes in the volume of the inactive regions for the three mixing methods are shown in 
Figure 8.1 (a) and (b) for low (0.15 wt% XGKT solution) and high viscous (0.4 wt% XGKT 
solution) solutions, respectively. The inactive volume in these figures is plotted as a 
percentage of the total liquid volume against mixing time (tm). A constant specific power 
input of 8 W/m
3
 was chosen for comparison purpose. It can be seen that the inactive volume 
decreases continuously with increasing mixing time for all the mixing systems in both 
solutions.  
Mechanical mixing is found to be the most effective method in decreasing the inactive 
volume in 0.15 wt% solution. Homogeneous mixing is achieved in this case in the shortest 
time (4 minutes) compared to the other two methods. The next effective method is the liquid 
recirculation followed by gas sparging. After 1 hour of mixing, the volume of inactive region 
is about 3% in the case of liquid recirculation whereas it is about 8% for gas sparging. In the 
case of 0.4 wt% solution, gas sparging produces the best result. About 23% of the total liquid 
volume is inactive after 2 hours of gas sparging, whereas 29 and 31% of the total liquid 
volume is inactive for liquid recirculation and mechanical mixing, respectively. 
In both solutions, the inactive volume decreases continuously with increasing mixing time 
and reaches a steady value (Figure 8.1). The steady (final) values corresponding to the 
plateau stage of the curve obtained for the three mixing methods are compared in Figure 8.2. 
It can be seen that nearly complete mixing is achieved in 0.15 wt% solution where the 
inactive volume is less than 5% of the total volume for all the mixing methods used. 
Conversely, the steady values of inactive volume are larger in 0.4 wt% solution for all the 
mixing methods. As expected, these results show that the steady state inactive volume 
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increases significantly with increasing simulant apparent viscosity. It is clear from these 
results that digestion of sludge with different solids concentrations and rheology will not lead 
to similar mixing characteristics. It is also clear that the difference in the performance of a 
given mixing method can be quite significant when it is employed in solutions with different 
rheological characteristics. Figure 8.1 and Figure 8.2 show that gas sparging has the worst 
performance in 0.15 wt% solution, whereas it has the best result in 0.4 wt% solution. This 
implies that sludge rheology is important and needs to be taken into account in the design of 
digesters especially those that handle sludge with high solids concentration. 
 
 
0%
20%
40%
60%
80%
100%
0 50 100 150
V
o
lu
m
e 
o
f 
in
a
ct
iv
e 
re
g
io
n
s 
ex
p
re
ss
ed
 a
s 
a
 %
 o
f 
to
ta
l 
li
q
u
id
 
v
o
lu
m
e 
Mixing time (tm) 
(a) 
Mechanical mixing
Liquid Recirculation
Gas sparging
  
 
212 
 
Figure 8.1 - Inactive volume reduction in (a) 0.15 wt% and (b) 0.4 wt% XGKT solutions 
for three different modes of mixing 
 
 
Figure 8.2 - Steady state inactive volume in 0.15 and 0.4 wt% XGKT solutions for three 
different modes of mixing 
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8.2.2 Energy efficiency of mixing systems 
A range of specific power input from 3.5 to 10.5 W/m
3
 was employed in this work in all 
mixing systems. To identify an optimum mixing system, it is essential to determine the 
energy efficiency of each method and conduct a comparative analysis.  For this purpose, the 
final active volume per unit mixing power (Vactive/Power) is plotted as a function of specific 
power input in Figure 8.3. In other words, this plot shows how effectively a given value of 
specific energy input is used in the generation of active regions. Results obtained from the 
three mixing methods are compared in Figure 8.3 (a) and Figure 8.3 (b) for 0.15 wt% XGKT 
and 0.4 wt% XGKT solutions, respectively. 
In both cases, the mixing efficiency decreases with increasing specific power input for all 
three mixing methods. Figure 8.3 (a) shows that all mixing systems performed equally in the 
generation of active volume in 0.15 wt% solution. The mixing effectiveness is the highest for 
all the mixing systems operated at 3.5 W/m
3
. The active volume achieved is 0.28 m
3
 for 
every unit of power used regardless of the mixing method employed at 3.5 W/m
3
. However, 
this value decreases with increasing specific power input. The (Vactive/Power) values are 
nearly the same for all mixing methods at other specific power inputs too.  
In 0.4 wt% XGKT solution, (Vactive/Power) decreases with increasing specific power input 
and its value is different for the three mixing systems below 8 W/m
3
 (Figure 8.3b). However, 
all mixing methods exhibit nearly the same (Vactive/Power) value above 8 W/m
3
. Gas sparging 
is the most energy efficient system because it leads to the highest value (0.23 m
3
/W) at 3.5 
W/m
3
. Liquid recirculation is the second best, followed by mechanical mixing. The gas 
sparging system performed the best may be due to the presence of small air bubbles that are 
trapped in the bulk solution during air injection. These air bubbles lower the density and 
viscosity of a bulk solution. So, the liquid in the gas sparging system is easier to be moved 
around in the tank compared to other systems.  
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In summary, the gas sparging is the best option to assist sludge mixing in anaerobic digesters 
because its performance is comparable to those for the other two systems in 0.15 wt% XGKT 
solution and superior to other systems in 0.4 wt% XGKT solution. As wastewater treatment 
plants are looking for ways to reduce the energy usage, it is advantageous to employ a gas 
sparging system due to its high energy efficiency and low energy requirement. 
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Figure 8.3 - Energy efficiency in (a) 0.15 wt% and (b) 0.4 wt% XGKT solutions for 
three different modes of mixing 
 
8.2.3 Industry implications 
This study investigates the mixing performance of a model digester equipped with three 
mixing methods namely mechanical mixing, liquid recirculation and gas sparging. This study 
involves Xanthan gum Keltrol-T (XGKT) solution as the model fluid to represent digested 
sludge. XGKT solution possesses rheological characteristics that are similar to that of 
digested sludge and therefore, is expected to exhibit similar hydrodynamic behaviour. The 
flow visualisation experimental results obtained in this work can be used as a reference to the 
mixing behaviour of sludge. However, it is not recommended to extrapolate these outcomes 
for digesters processing thicker sludge. 
The flow visualisation technique used in this work is applicable only for experiments with 
transparent fluids. This means it cannot be used for opaque digested sludge. So, advanced 
techniques need to be employed for opaque fluids. In this study, electrical resistance 
tomography (ERT) was used for determining the mixing characteristics of the model liquid 
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and ERT results were validated using flow visualisation results. The aim is to determine the 
discrepancies between the results from these techniques which will allow the estimation of 
error in ERT measurements especially when an opaque liquid is used. This approach will 
help in studying digester mixing using the real sludge and determining the location of 
stagnant regions and their sizes. The information will be useful to the industry because it 
provides a good approximation of what occurs in full scale anaerobic digesters. 
Computational fluid dynamics (CFD) simulation models were developed for systems with 
mechanical mixing and liquid recirculation. These models were developed based on the 
results obtained from flow visualisation experiments and they can be used to simulate the 
velocity fields and the flow pattern inside the digester when fluid properties and operating 
conditions are specified. However, these models and their predictions are only applicable to 
the lab-scale digester with 0.19 m diameter. Therefore, these models need to be revised to 
simulate the processes that occur in large scale industrial operations. Fully validated CFD 
models are very useful to the industry as they can be used to simulate the mixing conditions 
of modified digesters and the mixing effect of a new mixing system before it is incorporated 
into existing digesters.   
8.3  Conclusions 
Mixing performance in 0.15 wt% XGKT solution is found to be different compared to that in 
0.4 wt% XGKT solution in a model digester. The volume of inactive region is found to 
increase significantly with increasing apparent viscosity of the model liquid. Based on the 
extent of inactive volume and mixing time, the overall performance of the mechanical mixing 
system is found to be the best, followed by the liquid recirculation and gas sparging in the 
case of 0.15 wt% XGKT solution. However, the performance of the gas sparging system is 
found to be the best in the case of 0.4 wt% XGKT solution. Thus, it is important to consider 
sludge rheology while choosing a suitable mixing system for anaerobic digesters. 
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The energy efficiency of the three mixing systems in producing active volume is found to be 
the same in 0.15 wt% XGKT solution but different in 0.4 wt% XGKT solution. The gas 
sparging system is the most energy efficient system in 0.4 wt% XGKT solution because it 
achieves the highest active volume for every unit of mixing power used. Conversely, 
mechanical mixing and liquid recirculation systems do not produce similar results for the 
same energy input. It is clear that the selection of the right mixing system is important 
because it has a significant impact on digester mixing efficiency. 
The findings from this study can be used as a reference for the digester mixing in laboratory 
scale digesters. Further studies are required for larger scales digesters to predict the outcomes 
in full scale industrial digesters. 
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9.1  Conclusions 
In many wastewater treatment plants around the world, it is desired to intensify the anaerobic 
digesters to process more wastewater whilst ensuring smooth operation. It is also desired to 
achieve this objective with minimum energy consumption to reduce operating costs. This 
study evaluates systematically the mixing performance of three mixing methods commonly 
used in anaerobic digesters through extensive experimentation using a model system. This 
study focuses on determining the inactive volume formed inside model digesters in low and 
high viscous solutions that simulate the behaviour of digested sludge. 
One of the main aims of this work is to select a suitable transparent simulant (model liquid), 
which has rheological behaviour similar to that of digested sludge and use it in flow 
visualisation experiments. Another objective is to determine the best mixing method that has 
optimum energy efficiency and good mixing performance. It is also aimed to develop 
computational fluid dynamics (CFD) models to simulate mixing flow patterns inside the 
model digester and predict the inactive volume. This work will be beneficial to the industry 
because it can provide useful information about the mixing efficiency of three mixing 
methods in the design of anaerobic digesters. It will also help the industry to operate the 
anaerobic digesters at the optimum condition, especially when thickened sludge is processed. 
All experiments were carried out in a model anaerobic digester of 0.19 m diameter using a 
flow visualisation technique. Three types of mixing, namely mechanical mixing, liquid 
recirculation and gas sparging systems, were used. Due to the opaqueness of digested sludge, 
Xanthan gum Keltrol-T (XGKT) solution, a transparent model fluid was selected for the flow 
visualisation study. XGKT solutions with different concentrations were used in the 
experiments to simulate the behaviour of digested sludge with different solids concentrations 
and therefore different apparent viscosities. Mixing patterns in XGKT solutions were found 
to vary with concentrations. For all three mixing systems, complete mixing occurs in 0.15 
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wt% XGKT solution (solution with low apparent viscosity) whereas higher inactive volume 
occurs in thicker 0.4 wt% XGKT solution due to its higher yield stress and apparent 
viscosity. It shows that the apparent viscosity of digested sludge is important in determining 
the hydrodynamics of anaerobic digesters especially those that handle thickened sludge. 
In this study, specific power input was varied to study its effect on the reduction of inactive 
regions. Increasing specific power input has no significant effect on the mixing performance 
of liquid recirculation and gas sparging systems. In the case of mechanical mixing system, a 
threshold power input is required to achieve an optimum mixing performance. The threshold 
power input increases with increasing concentration of XGKT solution. Operating the 
mechanical mixing system with specific power input above the threshold value is 
unnecessary and uneconomical. 
Various nozzle arrangements used in liquid recirculation and gas sparging systems induce 
different fluid flow and hence lead to different mixing performance. In the liquid 
recirculation system, 90° upward, 45° upward and 45° downward nozzles have better mixing 
performance compared to 90° downward nozzle. For the gas sparging system, the sparger 
located at ¼ of liquid height from the tank bottom performs the best among all sparger 
arrangements. The improvements achieved in liquid recirculation and gas sparging systems 
are closely related to the distance travelled by the induced fluid flow throughout the model 
digester. Moreover, the effect of nozzle arrangement on inactive volume reduction is very 
significant in 0.4 wt% XGKT solution which has a higher apparent viscosity. This indicates 
that choosing the right nozzle position is important in avoiding inefficient mixing, especially 
for the digester handling concentrated sludge. 
In addition to the flow visualisation technique, electrical resistance tomography (ERT) was 
used in this study to determine the mixing performance of three mixing systems. ERT is a 
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useful tool to visualise the mixing inside a vessel. ERT also shows the presence of cavern and 
unmixed regions inside the model digester. The locations of active and inactive regions found 
by ERT agree well with those found from the flow visualisation technique. The shapes of the 
cavern determined by ERT and flow visualisation techniques also agree well with each other 
for all mixing systems except for the liquid recirculation system. The volumes of inactive 
regions estimated by ERT agree well with those from flow visualisation for the liquid 
recirculation system. However, ERT overestimates the inactive volume for mechanical 
mixing and gas sparging systems. These findings indicate that the inactive volume estimated 
using ERT needs to be corrected using other measures so as to obtain reliable values.  
Three dimensional (3D) simulations of fluid flow in anaerobic digester were performed using 
computational fluid dynamics (CFD) models developed for mechanical mixing and liquid 
recirculation systems. A majority of the simulation results agree well with those obtained 
from experiments in both systems. CFD simulations successfully predict the shape of the 
cavern in the model digester. However, the presence of threshold power input for the 
mechanical mixing system is not determined by CFD simulations. Hence, the % inactive 
volume is underestimated by CFD simulation when the specific power input is lower than the 
threshold value. For the liquid recirculation system, the CFD simulation well predicts the % 
inactive volume results compared to the experimental values for all nozzle arrangements, 
except for the downward nozzle.   
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9.2  Recommendations 
The following are the recommendations for the future work: 
 The present study used a tank in which the tank diameter and liquid height are equal 
(1:1 aspect ratio). More investigations are required to use flow visualisation and ERT 
experiments with large scale tanks and tanks with different geometry to determine the 
effect of scale and geometry on the mixing performance.  
 Due to the limitation of time and knowledge in CFD modelling, models were 
developed only for mechanical mixing and liquid recirculation systems in this work. 
More work can be done on CFD simulation of the gas sparged mixing system.  
 The study can be extended to develop CFD models for large scale tanks and tanks 
with different geometries. 
 More investigations can be done to improve the measures obtained from the ERT 
technique for a reliable estimation of inactive volume.  
 The study can be expanded to investigate the digester mixing performance using 
XGKT solutions with higher concentrations and real sludge using ERT technique. 
 More experiments and simulations can be done to investigate mixing performance of 
digesters with different designs such as the larger vessel with multiple impellers, gas 
sparging system with multiple lances, sludge pumping mode, etc.  
 Further investigations can be carried out to study the effect of combined mixing 
systems, such as a system with combined gas sparging and liquid recirculation, 
system with combined mechanical mixing and gas sparging, on the minimisation of 
inactive regions. 
 More studies can be done on investigating the effect of jet orientation and location on 
digester mixing performance by positioning the jet at different heights and angles. 
  
 
223 
 Investigations of the effect of mixing on digester performance, such as methane 
production and microbiological activity, using the recommended mixing conditions 
from this study. 
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APPENDICES 
 
A. Torque measurements 
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Figure A. 1 - Torque measurements for Rushton turbine impeller in (a) 0.15, (b) 0.225, 
(c) 0.3 and (d) 0.4 wt% Xanthan Gum Keltrol-T (XGKT) solutions 
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Example: 
Consider an experiment conducted with a cylindrical vessel with a diameter of 0.19 m 
operated at 8 W/m
3
 in the mechanical mixing system. The impeller is located at mid-height at 
the centre of the tank. 
Torque values recorded for various impeller speeds in 0.15 wt% XGKT solution are as 
follows: 
Table A. 1 Torque measurement with respect to its impeller speed 
Impeller speed 
Torque (Nm) N 
(rpm) 
N (rps) 
40 0.667 0.00233 
50 0.833 0.00111 
60 1.000 0.00066 
70 1.167 0.00023 
80 1.333 0.00016 
90 1.500 0.00094 
95 1.583 0.00108 
100 1.667 0.00121 
110 1.833 0.00197 
120 2.000 0.00213 
130 2.167 0.00243 
140 2.333 0.00282 
150 2.500 0.00321 
 
Calculation of impeller power (P) and specific power input (P/V) for each impeller speed: 
Volume of liquid in the tank, V =   (
  
 
)
 
     (
    
 
)
 
                 
Power,        
Specific power input,  
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Table A. 2  Power and specific power input for various impeller speeds 
Impeller speed 
Torque (Nm) Power, P (W) 
Specific power input, 
P/V (W/m
3
) 
N 
(rpm) 
N (rps) 
40 0.667 0.00233 0.009739 1.8177327 
50 0.833 0.00111 0.005833 1.0885824 
60 1.000 0.00066 0.004143 0.7732757 
70 1.167 0.00023 0.001723 0.3214967 
80 1.333 0.00016 0.001356 0.2531404 
90 1.500 0.00094 0.008823 1.6467091 
95 1.583 0.00108 0.010782 2.0122767 
100 1.667 0.00121 0.012661 2.3630663 
110 1.833 0.00197 0.022692 4.2351446 
120 2.000 0.00213 0.026799 5.001663 
130 2.167 0.00243 0.033088 6.175394 
140 2.333 0.00282 0.041286 7.7055466 
150 2.500 0.00321 0.050478 9.4210711 
 
It can be seen from   
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Table A. 2, to achieve a specific power input of 8 W/m
3
, an impeller speed  between 140 and 
150 rpm is required. 
An interpolation between 140 and 150 rpm was carried out to determine the impeller speed 
that will lead to 8 W/m
3
 and it was found that N=142 rpm leads to the specific power input of 
8 W/m
3
. The interpolation calculations are shown below: 
                          *
                 
         
  +            
                    (
   
  
)                   
                                
 
 
 
       
        
        
Thus, 142 rpm was used as the operating impeller speed for a P/V = 8 W/m
3
 in 0.15 wt% 
XGKT solution. 
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B. Calculation of specific power input in liquid recirculation system 
 
Figure A. 2 Schematic diagram of liquid recirculation mixing system 
Mechanical energy balance equation: 
  
 
     
  
 
 
    
  
 
     
  
 
 
    
A. 1 
where P1 and P2 = pressure at points 1 and 2, respectively, kg/m.s
2
 
z1 and z2 = elevation of systems 1 and 2, respectively, m 
v1 and v2 = fluid velocity at points 1 and 2, respectively, m/s 
g = gravitational constant, m/s
2
 
wp = pump work per unit mass, J/kg 
hf = fluid friction loss, J/kg 
 = density of liquid, kg/m3
 ote that the unit of all terms in equation (A.1) is ‘J/kg’. 
 
 
 
1 
2 
h 
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Dividing both sides of the equation (A. 1) by ‘g’  we get: 
  
  
    
  
 
  
 
  
 
 
  
  
    
  
 
  
 
  
 
 
A. 2 
 ote that the unit of all terms in equation (A.2) is now ‘metre’. 
Given that: 
           
A. 3 
              
A. 4 
Since the liquid withdrawal and feed rates are equal, the liquid velocity at points 1 and 2 is 
negligible. Therefore, we may assume 
           
A. 5 
     
A. 6 
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In this case, the system from which the liquid is withdrawn is the same as the one to which 
the liquid is fed.  Since there is no elevation change of this system, there is no change in 
potential energy of the system. Therefore,  
        
A. 7 
Because the discharge tube is made of plastic and its length is relatively short, it is assumed:  
                
A. 8 
Substituting equations (A. 3) to (A. 8) into equation (A. 2), we get: 
        
  
    
  
  
 
  
 
 
    
  
    
  
  
 
 
 
 
        
  
 
  
 
 
    
  
 
Rearranging the above equation and simplifying it, we get: 
   
  
 
  
 
   
  
 
    
       
A. 9 
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The fluid power transferred from the pump blade to the liquid can be calculated: 
       ̇ 
A. 10 
where  ̇ = mass flow rate, kg/s 
Pp = fluid power, J/s or W 
wp = pump work per unit mass, J/kg 
 
Now substituting equation (A. 9) in equation (A. 10), we get: 
        ̇          ̇ 
A. 11 
where   ̇ = volumetric liquid flow rate, m
3
/s 
Pp = fluid power, J/s or W 
h = liquid head above the nozzle entrance, m  
 = density of liquid, kg/m3
g = gravitational constant, m/s
2
 
 
In this case, power withdrawn from the pump, Pp (A. 11), is assumed to have negligible 
losses when delivering the liquid back into the tank. So, the power withdrawn from the pump 
is equal to the power transferred from the pumped liquid into the bulk solution in the tank, P. 
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                      ̇ 
A. 12 
Energy carried by the pumped flow changed into kinetic energy as the liquid injected into the 
system. According to Casey (1986)  the hydrostatic head ‘h’ is to be replaced by the kinetic 
head (
  
 
  
) in the equation (A. 12) and we get: 
       (
  
 
  
)    ̇ 
  
 
 
   ̇  
  
A. 13 
where    = liquid jet velocity, m/s 
 
Given that: 
  ̇       
A. 14 
where    = cross-sectional area of the nozzle through which the liquid jet flows, m
2
 
 
+ 
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Now substituting equation (A. 14) in equation (A. 13), we get: 
           
 
 
 (    )  
  
  
 
 
     
  
A. 15 
Now specific power input into the liquid recirculation system can be calculated as 
 
 
 
 
      
 
 
 
A. 16 
where V = volume of liquid  in the tank, W/m
3
. 
 
To determine the liquid jet velocity required to achieve a given specific power by rearranging 
equation (A. 15), we get: 
   (
  
   
)
   
   
A. 17 
Once the liquid jet velocity, vj, is determined, volumetric flow rate of the liquid,  ̇, required 
to achieve a given specific power can be calculated by using equation (A. 14). 
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Example: 
Consider an experiment conducted with a cylindrical vessel of 0.19 m in diameter operated at 
8 W/m
3
 in a liquid recirculation system. The jet is located at the mid-height of the liquid. 
Given that: 
Specific power input, P/V = 8 W/m
3 
Volume of liquid in the tank, V =   (
  
 
)
 
     (
    
 
)
 
                 
Power, P = P/V × V = 8 × 0.005387 = 0.0431 W
 
Tank diameter, DT = 0.19 m  
Liquid height, H = 0.19 m 
Density of Xanthan gum Keltrol-T solution  ρ = 99  kg/m3 
Jet diameter, DJ = 6 × 10
-3
 m 
Cross-sectional area of jet outlet =   (
  
 
)
 
   (
     
 
)
 
             
 
Use equation (A. 17) to determine the liquid jet velocity required for 8 W/m
3
: 
   (
  
   
)
   
  (
          
              
)
   
         
When vj = 1.45 m/s, the volumetric liquid flow rate is: 
 ̇              
  
  
 
 
           
 
 
    
   
 
      
  
            
So, 2.467 L/min of liquid is required to supply 8 W/m
3
 into the system. 
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Liquid flow rates used in this study with respect to the specific power inputs: 
Specific power input (W/m
3
) Liquid jet velocity (m/s) Liquid flow rate (L/min) 
3.5 1.1 1.87 
5 1.24 2.10 
8 1.45 2.47 
10.5 1.59 2.70 
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C. Calculation of specific power input in gas sparging system 
 
Figure A. 3 Schematic diagram of gas sparging system 
Mechanical energy balance equation: 
  
 
     
  
 
 
    
  
 
     
  
 
 
    
A. 18 
where Pa and Pb = suction pressure and discharge pressure, respectively, kg/m.s
2
 
za and zb = elevation of systems a and b, respectively, m 
va and vb = fluid velocity at points a and b, respectively, m/s 
g = gravitational constant, m/s
2
 
wc = compressor work per unit mass, J/kg 
hf = fluid friction loss, J/kg 
 = density of air, kg/m3
Note that the unit of all terms in equation (A. 18) is ‘J/kg’. 
a 
b 
h 
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Kinetic and potential energies of the system (tank and its content) do not change appreciably 
in compressors. So, the velocity and static head terms can be dropped. It is also assumed that 
the suction and discharge lines are frictionless, hf = 0.  
With these simplifications, equation (A. 18) becomes in a differential form: 
    
  
 
 
A. 19 
Integrating between suction and discharge pressures, Pa and Pb, respectively, we get: 
   ∫
  
 
  
  
 
A. 20 
For adiabatic compression, the relation between P and   may be written: 
 
  
   
  
   
 
 
(
  
   
)
     
  [
 
(
  
   
)
]
 
 
 
A. 21 
where   = ( 
                                     
                                    
 )  
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Substituting equation (A. 21) into equation (A. 20), we get: 
   ∫
  
[
 
(
  
   
)
]
 
 
  
  
  
     
  
 
 
  
∫
  
 
 
 
  
  
 
                                                 
  
 
 
     ⁄    
[  
     ⁄     
     ⁄  ] 
A. 22 
By multiplying the term outside the bracket by   
     ⁄   and dividing the terms in the bracket 
by   
     ⁄  , equation (A. 22) becomes: 
   {
  
 
 
     ⁄    
 (  
     ⁄  )} ,
[  
     ⁄     
     ⁄  ]
  
     ⁄  
- 
                                    
   
       
*
  
  
       
  + 
A. 23 
The fluid power transferred from the compressor to the air can be calculated: 
      ̇    
        ̇    
A. 24 
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where  ̇    = mass flow rate of air, kg/s 
P = fluid power, J/s or W 
wc = compressor work per unit mass, J/kg 
  = density of air, kg/m3 
 ̇    = volumetric flow rate of air, m
3
/s 
 
Note that density of air ( ) is assumed to be the same as the density of air at point ‘a’ (  ): 
     
A. 25 
Now substituting equations (A. 23) and (A. 25) in equation (A. 24), we get: 
  
   
       
[
  
  
     
 
  ]      ̇    
   
   
       
[
  
  
     
 
  ]      ̇    
 
   ̇    
     
[
  
  
     
 
  ]                        
A. 26 
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As suggested by Casey (1986), now specific power input into the gas sparging system can be 
calculated as 
 
 
 
   ̇    
     
[
  
  
     
 
  ]
 
 
A. 27 
where V = volume of liquid  in the tank, W/m
3
 
 
It is assumed that power input into the liquid due to gas sparging is equal to the power 
transferred by the compressor to the gas.   
So, the gas flow rate required to achieve a certain specific power can be determined by 
rearranging equation (A. 27) as 
 ̇    
  ⁄
{
   
     
[
  
  
     
 
  ] }  ⁄
 
A. 28 
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Example: 
Consider an experiment conducted with a cylindrical vessel of 0.19 m diameter operated at 8 
W/m
3
 in a gas sparging system. The nozzle is located at the mid-height of the liquid.  
Given that: 
Specific power input, P/V = 8 W/m
3 
Ratio of the heat capacities of air,    = 1.4 
Tank diameter, DT = 0.19 m  
Liquid height, H = 0.19 m 
Volume of liquid in the tank, V =   (
  
 
)
 
     (
    
 
)
 
                 
Suction pressure, Pa = 101325 Pa 
Density of Xanthan gum Keltrol-T solution  ρL = 997 kg/m
3 
Gravity, g = 9.81 m/s
2
 
Discharge pressure, Pb = Pa + hρg = 101325 + (0.095 × 99  × 9.81) = 102254 Pa 
 
Use equation (A. 28) to determine the gas flow rate required for 8 W/m
3
: 
 ̇    
 
{
            
       
[
      
      
       
   
  ] }         ⁄
  
                                                    
                                       
          
 
 
    
   
 
      
  
  
                                                  
So, 2.79 L/min of air is required to supply 8 W/m
3
 into the system. 
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Gas flow rates used in this study with respect to the specific power inputs: 
Specific power input (W/m
3
) Gas flow rate (L/min) 
3.5 1.22 
5 1.75 
8 2.79 
10.5 3.66 
 
Equations shown in section 3.5.2(b) are used to calculate the number of turnover (NT) in gas 
sparging system. They are: 
Equation 3.11:    
      ̇      
  
 
Equation 3.12:    ̇        (
  
 
)
 
 
Equation 3.13 (Kawase and Moo-Young (1989)):                        
  
Equation 3.14 (Kawase and Moo-Young (1989)):      
  
   
  
  
               
    
 
Given that: 
Yield stress of 0.4 wt% XGKT solution  τy = 1.14 Pa 
Density of Xanthan gum Keltrol-T solution  ρ = 99  kg/m3 
Superficial gas velocity, Usg  =  ̇    / Cross-sectional area of vessel  
= 0.000047 / π  
    
 
   = 0.00164 m/s 
Tank diameter, DT = 0.19 m  
Liquid height, H = 0.19 m 
Specific power input, P/V = 8 W/m
3 
Volume of liquid in the tank, V =   (
  
 
)
 
     (
    
 
)
 
                 
Power input, P = P/V × V = 8 × 0.005387 = 0.0431 W
 
Energy dissipation rate in the liquid motion, EV = Power input, P = 0.0431W 
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First  we determine ‘a’ using Equation 3.14: 
   
  
   
   
  
               
   
 
  
                                      
       
 
Rearrange equation 3.13, we get: 
    [
  
                
]
 
 
 
A. 29 
Use equation (A. 29) to determine the velocity of the induced liquid flow, UL*: 
    [
      
                              
]
 
 
          
Use equation 3.12 to determine induced liquid flow rate,    ̇ : 
    ̇          (
    
 
)
 
             
For instance, at tm = 30 minutes, use equation 3.11 to determine the number of turnover, NT: 
                       
      ̇       
  
 
               
         
      
 
So, the liquid in the gas sparging system is being turnaround for 1114 times at acid-base 
decolourisation time of 30 minutes. 
 
 
 
